




























work	 included	 in	 these	 papers	 has	 been	 carried	 out	 at	 the	 Departament	 de	
Ciència	 i	 Enginyeria	 de	 Materials	 at	 the	 Universitat	 Politècnica	 de	 Catalunya	 -	
BarcelonaTech,	 under	 the	 supervision	 of	 Dr.	 Carles	 Mas	 Moruno	 and	 Dr.	 Joan	
Josep	 Roa	 Rovira.	 Part	 of	 the	 work,	 in	 particular	 the	 evaluation	 of	 residual	















Tetragonal	 polycrystalline	 zirconia	 doped	 with	 3	 mol%	 yttria	 (3Y-TZP)	 has	
become	 one	 of	 the	 most	 popular	 dental	 ceramics.	 Thanks	 to	 its	 outstanding	
mechanical	properties	(including	high	hardness,	toughness	and	wear	resistance),	
biocompatibility	 and	 white	 color,	 it	 is	 now	 commonly	 employed	 to	 produce	
components	such	as	crowns,	implants,	abutments,	bridges	or	posts	and	cores.	
	
In	 the	 case	 of	 dental	 implants,	 which	 are	 directly	 screwed	 into	 the	 jawbone,	
implant’s	 surfaces	 can	 be	 modified	 through	 different	 physical	 or	 chemical	
techniques	 to	 ensure	 a	 rapid	 and	 proper	 osteointegration.	 In	 the	 first	 case,	
surface	 topography	 is	known	to	play	a	critical	 role	 in	cell-material	 interactions	
and	 to	 influence	 several	 cell	 functions	 such	 as	 adhesion,	 proliferation	 or	
differentiation.	 In	 the	 second	 case,	 specific	 chemical	 cues	 such	 as	 integrin-
binding	 peptidic	 molecules	 from	 bone	 extracellular	 matrix	 can	 affect	 cell	




In	 this	 Ph.D.	 Thesis	 a	 dual	 approach	 employing	 surface	 topographical	




Regarding	 surface	 topographical	 modifications,	 two	 different	 strategies	 are	
investigated:	grinding	and	laser-micropatterning.	Both	of	them	can	generate	not	
only	rough	surfaces	at	the	micro-	and	submicrometric	length	scale	but	also	other	
features	 such	 as	 grooves,	 which	 may	 guide	 cell	 growth.	 However,	 these	 two	
techniques	 are	 based	 on	 different	 principles.	 While	 in	 grinding	 technique	 the	





However,	 these	methods	 are	 not	 exempt	 from	 introducing	 a	 certain	 degree	 of	
surface	damage,	which	can	be	detrimental	 for	 the	 final	application.	 In	addition,	
3Y-TZP	 is	 susceptible	 of	 a	 spontaneous	 surface	 phase	 transformation	 from	
tetragonal	 (t-)	 to	monoclinic	 (m-)	 phase	 under	 two	 different	 scenarios.	 One	 is	




by	 progressive	 t	 →	 m	 transformation	 at	 the	 surface	 is	 triggered	 by	 water	
molecules.	 In	 this	 particular	 case,	 this	 mechanism	 induces	 roughening	 and	
micro-cracking,	which	 can	 drastically	 reduce	 the	mechanical	 properties	 and	 in	
particular	 the	wear	 resistance	 by	 generating	 pull-out	 of	 3Y-TZP	 grains.	 In	 this	
regard,	some	surface	treatments	can	affect	the	LTD	resistance	of	the	material,	or	
even	induce	this	phase	transformation.	For	these	reasons,	a	particular	emphasis	
is	 placed	 on	 the	 changes	 in	 the	 surface	 and	 subsurface	 introduced	 by	 both	




platform	 that	 incorporates	 the	 cell-adhesive	 RGD	 and	 the	 osteogenic	 DWIVA	
motives.	 This	 strategy	 is	 combined	 with	 the	 best	 performing	 topography-
modifying	 treatment.	 On	 this	 surface	 that	 integrates	 the	 stimuli	 provided	 by	
topography	 and	 the	 peptides,	 cell	 adhesion,	 cell	 migration	 and	 osteogenic	
properties	are	characterized	in	detail.	
	
The	 results	 of	 this	 Ph.D.	 Thesis	may	 serve	 as	 a	 further	 step	 in	 the	 journey	 of	
developing	zirconia-based	ceramic	materials	 to	become	a	reference	material	 in	
prosthodontics.	The	dual	 functionalization	presented	here	 is	a	powerful	 tool	 to	
improve	 the	 tissue	 integration	 and	 healing	 success	 of	 3Y-TZP	 dental	 implants.	
Importantly,	 both	 the	 topography	 and	 the	 peptidic	 platform	 can	 be	 easily	






La	 zircònia	 policristal·lina	 tetragonal	 dopada	 amb	 un	 3%	 d’ítria	 (3Y-TZP)	 s’ha	
convertit	 en	 una	 de	 les	 ceràmiques	 dentals	 més	 populars.	 Gràcies	 a	 les	 seves	
excel·lents	propietats	mecàniques	(inclosa	l’alta	duresa,	tenacitat	i	resistència	al	




les	 superfícies	 de	 l’implant	 es	 poden	modificar	 mitjançant	 diferents	 tècniques	
físiques	o	químiques	per	garantir	una	osteointegració	 ràpida	 i	 adequada.	En	el	
primer	 cas,	 se	 sap	 que	 la	 topografia	 superficial	 té	 un	 paper	 crític	 en	 les	
interaccions	 cèl·lula-material	 i	 que	 influeix	 en	 diverses	 funcions	 cel·lulars	 com	
ara	 l’adhesió,	 la	 proliferació	 o	 la	 diferenciació.	 En	 el	 segon	 cas,	 els	 estímuls	
químics	específics	com	els	que	indueixen	les	molècules	peptídiques	de	la	matriu	
extracel·lular	 òssia	 poden	 afectar	 el	 comportament	 cel·lular	 amb	 un	 alt	 grau	
d’especificitat.	La	combinació	d’ambdues	estratègies	pot	proporcionar	una	eina	








Pel	 que	 fa	 a	 les	 modificacions	 superficials	 de	 la	 topografia,	 s’estudien	 dues	
estratègies	diferents:	rectificat	i	micro-patrons	làser.	Tots	dos	poden	generar	no	
només	superfícies	rugoses	a	l’escala	micro-	i	submicromètrica,	sinó	també	altres	








dany	a	 la	superfície,	que	pot	ser	perjudicial	per	a	 l’aplicació	 final.	A	més,	 la	3Y-
TZP	 és	 susceptible	 d’una	 transformació	 espontània	 de	 fase	 des	 de	 la	 fase	
tetragonal	 (t-)	 a	 la	monoclínica	 (m-)	 sota	dos	escenaris	diferents.	Un	es	 coneix	
com	 a	 augment	 de	 tenacitat	 per	 transformació	 de	 fase	 (“transformation	
toughening”,	en	anglès)	i	és	un	mecanisme	activat	per	esforços	acompanyat	d’un	
augment	 de	 volum	 (∼	 4%).	 Aquest	 procés	 està	 activat	 pel	 camp	 d’esforços	
proper	 a	 una	 esquerda,	 augmentant	 la	 resistència	 a	 la	 propagació	 de	 les	
esquerdes.	D’altra	banda,	 existeix	un	segon	escenari	 conegut	 com	degradació	a	
baixa	temperatura	(“low	temperature	degradation”,	en	anglès).	En	aquest	cas,	la	
progressiva	 transformació	 de	 t	 →	 m	 a	 la	 superfície	 és	 provocada	 per	 les	
molècules	 d'aigua.	 Aquest	mecanisme	 indueix	 rugositat	 i	micro-esquerdes	 a	 la	
superfície,	 que	 poden	 reduir	 dràsticament	 les	 propietats	 mecàniques	 i,	 en	
particular,	 la	 resistència	 al	 desgast.	 En	 aquest	 sentit,	 alguns	 tractaments	
superficials	poden	afectar	 la	resistència	a	 la	degradació	del	material	o	 fins	 i	 tot	
induir	aquesta	transformació	de	fase.	Per	aquestes	raons,	es	fa	un	èmfasi	especial	
en	els	canvis	en	la	superfície	introduïts	per	tots	dos	mètodes.	Es	caracteritzen	els	
danys,	 la	microestructura,	 la	 transformació	de	 fase	 i	 les	 tensions	residuals,	així	
com	 els	 seus	 efectes	 sobre	 les	 propietats	 mecàniques	 i	 la	 degradació	 a	 baixa	
temperatura.	
		
D’altra	 banda,	 la	 biofuncionalització	 peptídica	 es	 realitza	 mitjançant	 una	
plataforma	peptídica	que	incorpora	el	motiu	adhesiu	RGD	i	el	motiu	osteogènic	






desenvolupament	de	materials	 ceràmics	 amb	base	de	 zircònia	per	 convertir-se	
Resum		
	 VII	
en	 un	 material	 de	 referència	 en	 prostodòncia.	 La	 doble	 funcionalització	
presentada	 aquí	 és	 una	 potent	 eina	 per	 millorar	 la	 integració	 del	 teixit	 i	 la	
capacitat	de	curació	dels	implants	dentals	de	3Y-TZP.	És	important	destacar	que	
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Zirconia	 (ZrO2)	 was	 first	 extracted	 in	 1787	 from	 jacinth,	 a	 variety	 of	 zircon	
(ZrSiO4)	used	as	a	gemstone,	by	 the	German	chemist	Martin	Heinrich	Klaproth	
(1743	 -	 1817).	 During	 the	 following	 150	 years	 after	 its	 discovery,	 no	
technological	 uses	 were	 found	 for	 ZrO2,	 except	 for	 certain	 niche	 applications,	
such	 as	 the	 production	 of	 bricks	 for	 high	 temperature	 applications	 and	 its	





arrangements:	 monoclinic	 (m),	 tetragonal	 (t)	 and	 cubic	 (c),	 as	 displayed	 in	
Figure	1	[2].	At	room	temperature	it	presents	a	m-structure	and	transforms	into	
t-	 when	 heating	 above	 1170°C.	 If	 further	 heated,	 it	 transforms	 into	 c-phase	 at	
2370°C.	 After	 the	 sintering	 process,	 the	 t-phase-containing	 material	 is	 cooled	
down	 and	 reversibly	 transforms	 again	 into	m-phase.	 Such	 transformation	 is	 of	










room	 temperature	 by	 the	 addition	 of	 oxides,	 such	 as	magnesium	 oxide	 (MgO)	
and	 calcium	 oxide	 (CaO)	 [3,4],	 avoiding	 the	 detrimental	 t →	 m	 phase	
transformation.	 Through	 this	 method,	 both	 c-	 and	 t-phases	 were	 retained	 at	
room	temperature	in	a	metastable	form.	A	material	known	as	partially-stabilized	
zirconia	(PSZ)	was	produced,	consisting	on	a	dispersion	of	fine	m-/t-	precipitates	
in	 a	 c-matrix.	 However,	 the	 key	 discovery	 for	 the	 production	 of	 high-strength	
zirconia	was	made	in	1975	and	published	in	the	work	Ceramic	steel?	by	Garvie	et	
al.	 [5].	 Garvie	 and	 his	 coworkers	 found	 that	 the	 presence	 of	 metastable	 t-
precipitates	in	PSZ	improved	drastically	the	mechanical	properties.	It	was	stated	
that	 the	 increase	 in	 strength	 was	 mainly	 due	 to	 the	 energy	 absorption	 of	 the	




m-phase	 creates	 a	 compressive	 field	 that	 opposes	 to	 the	 opening	 of	 the	 crack,	
strengthening	 the	 material	 [2],	 as	 illustrated	 in	 Figure	 2.	 In	 order	 to	 take	
















zirconia.	 They	 are	 obtained	 by	 employing	 a	 high	 concentration	 of	
stabilizers.	 Their	 applications	 include,	 among	 others,	 the	 production	 of	
refractory	materials,	solid	oxide	fuel	cells	(SOFCs)	or	oxygen	sensors.	
- Partially	 stabilized	 zirconia	 (PSZ):	 they	 are	 constituted	 by	 a	 c-matrix	
with	 a	 dispersion	 of	 nano-sized	 t-precipitates.	 They	 can	 be	 obtained	 by	
doping	with	MgO	(as	shown	in	Figure	3a	)	or	CaO.	
- Tetragonal	 zirconia	 polycrystals	 (TZP):	 they	 consist	 in	 a	 stabilized	 t-
phase	material,	which	can	contain	a	certain	amount	of	c-phase,	depending	





















excellent	mechanical	 properties.	 Among	 the	 different	 stabilizers	 available	 (e.g.	









Among	 the	 different	 TZP	 ceramics	 (excluding	 combinations	 with	 Al2O3),	 Y-TZP	













Alumina	 4.2	 400-600	 1800-2000	
Zirconia	 5.4	 1000	 1200-1300	
A10Z0Y	 5.8	 700-900	 1800	
Hydroxyapatite	 0.9	 50-60	 500	
Tricalcium	phosphate	 1.3	 50-60	 900	
Mg-PSZ	 8	 600	 1000	
12Ce-TZP	 7.8	 700	 1000-1100	
Micro-nano-alumina-zirconia	 6	 600	 1800	
Nano-nano-Ce-TZP-alumina	 8.4	 900	 1300	
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Among	 its	 properties,	 Y-TZP	 gathers	 not	 only	 high	 strength	 and	 fracture	
toughness,	 but	 also	 wear	 resistance,	 chemical	 inertness,	 ionic	 conductivity	 at	






pumps	 or	 in	 the	 chemical	 industry.	 Ceramic	 elements	 such	 as	 valves	 or	
nozzles	are	also	common	in	the	petrochemical	industry.	







- Prostheses	 in	 the	 medical	 industry	 including	 ball	 heads	 for	 total	 hip	
replacement,	knee	replacements	or	dental	restorations.	Its	inertness	and	
low	friction	make	it	a	good	candidate	to	substitute	metallic	components.	
- Refractory	 components	 in	 the	 form	 of	 fibers,	 panels	 and	 powders	 for	
ultra-high	temperature	applications.	
- Thermal	 barrier	 coatings	 (TBCs)	 in	 engine	 blades,	 due	 to	 its	 thermal	




- Gemstones	 can	 be	 produced	 of	 c-ZrO2,	 as	 it	 presents	 both	 a	 refractive	









Figure	5	Zirconia	applications.	a)	 Industrial	parts	 such	as	knives,	 scissors,	valves	
and	 other	 components	 for	 the	 metal	 processing	 industry,	 including	 rollers	 for	
closing	metal	cans	and	a	wire	guide	[2].	b)	Total	hip	replacement	made	of	ceramic	





Yttria	 can	stabilize	 the	 t-	 as	well	 as	 the	c-phases	at	 room	temperature	 through	
the	generation	of	oxygen	vacancies.	In	brief,	the	nature	of	the	Zr-O	bond	favors	a	
coordination	 number	 (CN)	 of	 7.	 Thus,	 pure	 zirconia	 presents	 a	m-structure	 at	










the	 addition	 of	 Y2O3.	 Depending	 on	 the	 stabilizer	 content,	 the	 t-,	 the	 c-	 or	 a	







One	 of	 the	most	 common	 formulations	 to	 optimize	mechanical	 properties	 is	 3	
mol%	yttria	doped	zirconia	(3Y-TZP).	As	observed	in	the	diagram	(Figure	7)	and	
explained	 in	detail	by	Chevalier	et	al.	 [18],	 at	 sintering	 temperatures	 (between	
1400	 -	 1500°C)	 3Y-TZP	 is	 constituted	 by	 a	 majority	 of	 t-phase,	 with	 small	
amounts	of	c-phase.	At	such	 temperatures	diffusion	kinetics	are	slow	and	after	
short	heat	treatments,	no	yttria	partitioning	between	the	t-	and	c-phases	occur.	
Thus,	and	as	depicted	with	a	 red	arrow	 in	 the	phase	diagram	(Figure	 7),	 after	















As	 previously	 mentioned,	 the	 metastable	 nature	 of	 the	 stabilized	 t-phase,	
combined	with	the	volume	change	of	the	t →	m	phase	transformation,	constitutes	




The	 t →	 m	 phase	 transformation	 is	 a	 martensitic	 transformation,	 i.e.	 a	
diffusionless	process	 involving	a	coordinated	motion	of	 the	atoms	in	the	 lattice	
over	a	distance	 less	 than	an	atomic	diameter,	 resulting	 in	a	macroscopic	shape	
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change.	 As	 depicted	 in	 Figure	 8	 the	 first	 step	 consists	 in	 the	 nucleation	 of	 a	
martensite	plate,	with	a	 shear	 component	of	~0.16	and	a	volumetric	 change	of	
~0.045	[2].	 If	constraint	 in	a	bulk	material	 (i.e.	not	 in	 the	surface),	 the	stresses	
derived	from	the	shear	component	induce	the	formation	of	a	second	variant	with	
an	 opposed	 shear	 strain,	 cancelling	 the	 shear	 effects	 of	 the	 first	 variant.	 This	





Figure	 8	 t →	m	phase	 transformation	process.	 a)	 t-	material.	 b)	Transformation	
starts	 and	 a	m-	 lath	 nucleates.	 c)	 Stresses	 originated	 in	 the	 surrounding	matrix	






	 𝛥𝐺!!! = 𝛥𝐺! + 𝛥𝑈!" + 𝛥𝑈!	 Eq.	1	
	
where	 𝛥𝐺!!! 	is	 the	 change	 in	 total	 free	 energy	 of	 the	 t →	 m	 phase	
transformation.	 When	 it	 becomes	 negative,	 t-	 particles	 are	 unstable	 and	 may	
transform.	𝛥𝐺! 	is	 the	 difference	 in	 chemical	 free	 energy	 between	 the	 t-	 and	m-	
phases.	Below	 the	To(t/m)	 temperature,	𝛥𝐺! < 0	(see	Figure	 7).	 It	 depends	on	
both	 temperature	 and	 stabilizer	 content.	 Thus,	 in	 order	 to	 have	 a	 t-	 particle	




of	 the	matrix,	 size	 and	 shape	 of	 the	 particle	 and	 surrounding	 stresses.	 In	 this	
sense,	 hydrostatic	 tensile	 stresses	 reduce	 the	 value	 of	 this	 variable,	 favoring	
transformation.	 On	 the	 contrary,	 compressive	 stresses	 increase	 its	 value,	




follows.	 In	 the	 front	 of	 an	 advancing	 crack,	 shear	 and	 tensile	 stresses	 reduce	
𝛥𝑈!" 	enough	so	 that	𝛥𝐺!!!	becomes	negative	and	 t-	particles	become	unstable.	
The	t →	m	transformation	is	triggered	and	the	volume	expansion	of	the	material	
at	 the	 crack	 tip	 produces	 a	 compressive	 stress	 field,	 opposing	 to	 crack	
propagation.	 This	 mechanism	 has	 been	 presented	 in	 section	 1.1.1	 and	 is	




	 𝐾!"#$ = 𝐾! − 𝐾!"!	 Eq.	2	
	
where	𝐾! 	is	 the	 stress	 intensity	 factor	 applied	 by	 external	 forces;	𝐾!"! 	is	 the	






metastability	 is	 the	 transformation	 toughening	 mechanism.	 However,	 it	 also	
constitutes	 the	 basis	 of	 a	 deleterious	 process,	 known	 as	 low-temperature	
degradation	(LTD),	ageing	or	hydrothermal	degradation.	
	




uncontrolled	 transformation	 of	 the	 grains	 in	 the	 surface	 from	 the	 t-	 to	 the	m-	
phase	is	triggered.	This	transformation	is	associated	to	the	generation	of	micro-
cracks	and	can	advance	 inside	 the	material	until	 the	catastrophic	 failure	of	 the	
specimen.	Yoshimura	[22]	described	its	main	features	as:	
	
- The	 degradation	 occurs	 significantly	 at	 temperatures	 between	 200	 and	

















this	 contraction,	 with	 oxygen	 atoms	 occupying	 the	 vacancies	 and	 hydrogen	
atoms	 located	 at	 interstitial	 sites.	 However,	 more	 recently,	 Duong	 et	 al.	 [33]	
found	 that	 moisture	 diffusion	 occurs	 by	 parallel	 but	 independent	 H+	 and	 O2-	














transformed	 particles	 generates	 additional	 stresses	 and	 micro-cracks.	
Thus,	m-phase	 does	 not	 appear	 homogeneously	 throughout	 the	 surface,	













the	 surface.	 c)	 Transformation	 propagates	 inside	 the	 bulk.	 The	 surface	 is	 totally	
transformed	 and	 extensive	 grain	 pull-out	 can	 be	 observed	 as	 well	 as	 micro-






in	 detail.	 Jiménez-Piqué	 et	 al.	 [34]	 studied	 the	 network	 of	 micro-cracks	 after	
degradation.	They	found	that	the	cracks	were	mostly	parallel	to	the	surface	and	
that	they	displayed	a	density	gradient	from	the	surface.	A	3D	focused	Ion	beam	
(FIB)	 tomography	 reconstruction	 is	 displayed	 in	 Figure	 10a,	 where	 a	 small	















LTD	 is	 of	 especial	 relevance	 in	 the	 biomedical	 field,	 where	 the	 lifespan	 of	
implants	can	be	reduced	due	to	the	moisture	of	the	biological	environment	[29].	
In	 2001	 a	 series	 of	 failures	 in	 3Y-TZP	 hip	 replacements	 (i.e.	 femoral	 heads),	
resulted	in	drastic	decrease	in	the	use	of	3Y-TZP	for	orthopedic	applications	[24].	
Although	 the	 failures	 were	mainly	 related	 to	 an	 increase	 in	 porosity	 due	 to	 a	
change	 in	 the	sintering	process,	an	 increase	 in	 the	t →	m	phase	transformation	
was	 identified	 in	 the	 porous	 regions,	 playing	 a	 secondary	 role	 in	 the	
deterioration	 of	 properties	 [35].	 Since	 then,	 efforts	 have	 been	 made	 to	
understand,	 control	 and	 avoid	 LTD.	 In	 order	 to	 evaluate	 the	 behavior	 of	 a	
ceramic	component	after	LTD,	accelerated	tests	can	be	carried	in	water	steam.	In	
this	 regard,	 the	 degradation	 process	 kinetics	 can	 be	 described	 by	 the	 Mehl-
Avrami-Johnson	equation	[36],	as	follows:	
	
𝑓! = 1− 𝑒𝑥𝑝[−(𝑏𝑡)!]	 Eq.	3	
	
where	𝑓!	is	 the	 monoclinic	 volume	 fraction,	 t	 is	 the	 degradation	 time,	 b	 is	 an	
activation	 energy	 term	 (𝑏 = 𝑏! 𝑒𝑥𝑝 [−
!
!"
])	 and	 n	 an	 exponent	 related	 to	 the	
nucleation	and	growth	conditions.	At	higher	temperatures,	reaction	kinetics	are	
faster.	 Thus,	 by	 performing	 experiments	 at	 such	 temperatures,	 the	 relevant	
parameters	 can	 be	 extracted,	 and	 kinetics	 extrapolated	 at	 room	 temperature.	
Ageing	kinetics	of	3Y-TZP	are	typically	determined	in	water	steam	at	134°C	and	
2	bar	of	pressure,	with	1	hour	of	degradation	corresponding	to	3-4	years	in	vivo.	
However,	 as	 the	 particular	microstructural	 features	 of	 each	material	 affect	 the	












The	 loss	 of	 teeth,	 particularly	 anterior	 teeth,	 creates	 not	 only	 a	 functional	
impairment,	but	also	psychological	and	social	problems,	due	to	its	aesthetic	role.	
Before	 the	 advent	 of	modern	 artificial	 implants,	 it	was	 common	 to	use	natural	
materials	 to	 replace	 missing	 teeth,	 such	 as	 teeth	 from	 human	 donors,	 carved	
animal	teeth,	ivory,	wood	or	bone.	These	solutions	were	unstable	in	human	oral	
environment,	 presenting	 several	 disadvantages,	 including	 change	 in	 color	 and	
unpleasant	 odor.	 In	 1774,	 the	 Parisian	 apothecary	 Alexis	 Duchâteau	 and	 the	
dentist	Nicholas	Dubois	de	Chémant	made	the	first	successful	porcelain	denture.	







400	 zirconia	 ball	 heads	 in	 2001,	 the	 use	 of	 zirconia	 in	 the	 biomedical	 field	
suffered	a	drastic	decrease	[24].	However,	thanks	to	the	developments	made	in	
the	90s,	the	dental	community	showed	a	special	interest	in	the	material	due	to	its	
excellent	 mechanical	 properties	 (strength,	 hardness,	 wear	 resistance	 and	
fracture	 toughness),	 biocompatibility	 and	 its	 good	 aesthetic	 appearance.	 These	
properties,	which	make	it	suitable	in	dental	restorations,	depend	on:	grain	size,	
presence	 of	 an	 intergranulary	 glassy	 phase,	 stability	 of	 the	 t-phase,	 porosity,	
elastic	modulus	and	 thermal	expansion	mismatch	between	components.	 In	 this	
sense,	 Y-TZP	 was	 introduced	 to	 produce	 several	 restorations,	 including	 fixed	
partial	dentures	(FPD),	implants,	abutments,	post	and	cores,	etc.	Thus,	during	the	
last	 twenty	 years	 TZP-based	 ceramics	 have	 attracted	 an	 increasing	 attention	
from	the	dental	community,	with	several	products	in	the	market	and	an	evolving	










1	 Lava	Frame	 3M	ESPE	 3Y-TZP	
Zenostar	MO	 Wieland	Dental	 3Y-TZP	
2	 Lava	Plus	 3M	ESPE	 3Y-TZP	
Zenostar	T	 Wieland	Dental	 3Y-TZP	
3	 Lava	Esthetic	 3M	ESPE	 5Y-PSZ	
Zenostar	MT	 Wieland	dental	 4Y-PSZ	









Although	most	 of	 the	 commercial	 products	 are	 based	 on	 Y-TZP,	 Ce-TZP/Al2O3	
composites	are	also	available.	During	the	short	live	of	zirconia	in	the	dental	field,	
three	generations	of	materials	 in	 terms	of	 composition	and	powder	processing	
have	been	developed.	After	a	first	generation	of	Y-TZP	materials	(containing	0.25	
wt%	alumina,	as	a	sintering	aid)	with	excellent	mechanical	properties,	a	second	
generation	 of	 zirconia	 was	 developed,	 with	 lower	 Al2O3	 content	 and	 higher	
sintering	temperatures	in	order	to	improve	translucency.	A	third	generation	has	
recently	been	developed	with	a	higher	Y2O3	content	(4-5	mol%),	which	improved	
translucency	 by	 increasing	 its	 c-phase	 content,	 at	 the	 expense	 of	 mechanical	
properties	[43,44].	As	the	interest	in	such	materials	grow,	new	formulations	and	





Several	 dental	 components	 are	 produced	 nowadays	 with	 Y-TZP,	 including	
crowns,	 fixed	 partial	 dentures,	 posts	 and	 cores,	 implants	 and	 abutments.	 The	
manufacturing	 process	 is	 based	 on	 computer-aided	 design/computer-aided	
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manufacturing	 (CAD/CAM)	 technology,	 allowing	 to	produce	both	prefabricated	
and	custom-made	components.	Regarding	the	latter	type	and	depending	on	the	





shape	 with	 diamond	 tools.	 Such	 approach	 involves	 high	 tool	 wear	 and	
costs,	is	time-consuming	and	requires	robust	milling	systems.		
• On	the	other	hand,	soft	machining	is	the	most	common	technique,	and	is	
based	 on	 the	 milling	 of	 pre-sintered	 blocks	 of	 zirconia	 with	 tungsten	
carbide	burs.	At	this	point,	binders	of	the	original	powders	have	already	































	The	 following	 paragraphs	 include	 a	 description	 of	 the	 different	 dental	
prostheses	that	can	be	produced	of	zirconia-based	ceramic	materials:	
	
Crowns:	 crowns	 are	 used	 when	 teeth	 present	 functional	 or	 aesthetic	
defects	 in	 size,	 shape,	 color	 or	 function.	 They	 consist	 on	 a	 “cap”	 that	
covers	 the	 tooth.	 They	 can	 also	 be	 placed	 on	 the	 top	 of	 an	 implant-
abutment	system	in	order	to	replace	a	tooth.	As	zirconia	presents	a	white	
color	 and	 opacity	 that	 does	 not	 fully	match	 the	 natural	 look	 of	 a	 tooth,	
they	 can	 be	 stained	 before	 sintering	 and	 veneered	 with	 feldspathic	
porcelain.	 In	 posterior	 crowns,	 however,	 due	 to	 the	 lower	 aesthetic	
requirements	 and	 the	 higher	 loads	 monolithic	 crowns	 can	 be	 placed,	
avoiding	 the	 use	 of	 veneers,	 which	 can	 suffer	 from	 chipping.	 Surface	
mechanical	 pre-treatments	 such	 as	 grinding	 or	 sandblasting	 may	 be	
applied	to	the	surfaces	in	order	to	improve	adhesion	of	the	veneer	and/or	
the	adhesion	of	the	crown	to	the	underlying	structures.	Other	alternatives	
to	 zirconia	 are	 full	 metallic	 crowns	 (with	 low	 aesthetics)	 or	 porcelain	
fused	to	metal.	
	
Fixed	 partial	 dentures:	 fixed	 partial	 dentures	 (FPDs)	 are	 meant	 to	
replace	several	missing	teeth	and	are	permanently	fixed	to	adjacent	teeth	
or	 implants.	 Its	 structure	 (see	Figure	 11)	 is	 similar	 to	 a	 “bridge”	 lying	
over	 two	 “pillars”.	 The	 “pillars”	 can	 be	 the	 adjacent	 teeth	 or	 dental	
implants	 (abutments).	The	 “bridge”	 consists	on	 the	 retainers	 (that	unite	











Posts	 and	 cores:	 sometimes,	 when	 a	 crown	 must	 be	 placed,	 the	
underlying	 teeth	 structure	 is	 severely	 damaged	 and	 cannot	 retain	 the	






Implants	 and	 abutments:	a	 dental	 implant	 is	 an	 artificial	 tooth	 that	 is	
inserted	 into	 the	 jawbone	 to	 serve	 as	 an	 anchor	 for	 orthodontic	
prostheses,	such	as	dentures	or	crowns	[49].	They	are	screwed	or	plugged	
into	 the	 jawbone	 and	 get	 bond	 to	 the	 surrounding	 bone.	 The	 healing	
process	 can	 take	 from	 three	 to	 six	 months,	 resulting	 in	 a	 stable	 load-
bearing	 unit.	 On	 the	 top	 of	 the	 implant,	 the	 abutment	 serves	 as	 a	
connecting	element	to	the	suprastructure,	which	may	include	a	crown	or	
a	 FPD,	 as	 shown	 in	Figure	 12b.	 The	 abutment	may	 be	 included	 to	 the	
implant	 as	 a	 single-piece,	 or	 screwed	 into	 it.	 Finally,	 the	 suprastructure	
may	 be	 screwed,	 cemented	 or	 bonded	 to	 the	 abutment.	 Currently,	 two	
materials	 can	be	chosen	 for	both	 implants	and	abutments:	 titanium	and	
zirconia.	 Although	 both	 of	 them	 display	 excellent	 survival	 rates,	 some	
disadvantages	 of	 titanium	 include	 possible	 accumulation	 of	 titanium	
particles	 in	 surrounding	 tissues	 [50],	 cellular	 sensitization	 [51],	 and	 a	
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exact	 composition	of	 this	 layer	depends	on	 the	 surface	 chemical	 properties.	 In	
this	regard,	the	first	thing	that	cells	“feel”	when	come	in	contact	with	the	surface	




Next,	 the	 blood	 platelets	 arriving	 to	 the	 site	 release	 their	 inner	 content	 and	
promote	 the	 formation	 of	 fibrin	 clots	 (Figure	 13c).	 This	 network	 is	 used	 by	
different	cells	to	reach	the	surface.	Some	of	the	first	cells	to	arrive	the	site	belong	
to	 the	 immune	 system	 (e.g.	 neutrophils	 and	macrophages)	 and	 clean	 the	 zone	
from	pathogens	and	necrotic	tissue.	Another	type	of	cells	that	reach	the	surface	
are	mesenchymal	 stem	 cells	 (MSCs)	 (Figure	 13e).	 There,	 they	 are	 exposed	 to	
inflammatory	 cytokines	 as	 well	 as	 growth	 factors,	 which	 are	 crucial	 for	 the	
following	steps	in	tissue	repair.	MSCs	have	the	ability	to	differentiate	into	several	








as	 bone	 sialoprotein,	 osteopontin	 and	 proteoglycans,	 and	 further	 promotes	
Introduction	
	 25	





Apart	 from	 the	 biochemical	 stimuli	 from	 the	 environment	 surrounding	 the	
injury,	 other	 factors	play	an	 important	 role	 in	 the	osteodifferentiation	of	MSCs	





can	 form	 a	 layer	 of	 fibrous	 tissue	 surrounding	 the	 implant.	 Briefly,	 if	 the	
differentiation	 of	 osteoblasts	 at	 the	 tissue-material	 interface	 fails	 (Figure	 13f,	
right	 side),	 acute	 inflammation	 is	 followed	 by	 chronic	 inflammation.	 At	 this	
point,	 monocytes	 that	 have	 migrated	 to	 the	 surface	 and	 differentiated	 into	
macrophages,	try	to	phagocytize	and	digest	the	implant	(Figure	13g,	right	side).	
This	process	constitutes	a	mechanism	of	defense	from	the	body	to	an	invading,	
non-recognized	 agent.	 When	 the	 attempt	 to	 degrade	 the	 material	 fails,	
macrophages	fuse	together	into	multinucleated	giant	cells.	These	giant	cells	send	
signals	 to	 recruit	 fibroblasts	 (Figure	 13h,	 right	 side),	 which	 deposit	 a	
collagenous	layer	that	encapsulates	the	implant	(Figure	13I,	right	side).	In	this	
situation,	there	is	no	close	contact	between	bone	and	the	implant’s	surface.	This	
mechanism	 constitutes	 a	 foreign	 body	 response	 (FBR)	 [56].	 The	 intermediate	

















side)	 depending	 on	 the	 surface	 properties.	 Left	 side,	 MSCs	 differentiate	 into	
osteoblasts.	 Right	 side,	 MSCs	 do	 not	 differentiate	 or	 differentiate	 into	 other	
lineages.	 g)	 Left	 side,	 osteoblasts	 produce	 a	 layer	 of	 proteins.	 Right	 side,	 chronic	
inflammation.	Macrophages	 try	 to	 degrade	 the	 implant.	 h)	 Left	 side,	 the	 layer	 of	
osteoblast-secreted	 proteins	 gets	 mineralized.	 New	 bone	 is	 produced.	 Right	 side,	
macrophages	cannot	digest	the	implant	and	secrete	cytokines	to	recruit	fibroblasts.	
i)	 Left	 side,	 new	 bone	 grows	 at	 the	 surface.	 Right	 side,	 fibroblasts	 produce	 a	







of	 special	 relevance,	 as	 the	 cues	 provided	 by	 the	 substrate	 govern	 to	 a	 large	




wettability	 can	 affect	 cellular	 behavior	 per	 se	 [57,58].	 However,	 the	 larger	
influence	 they	 have	 on	 cells	 is	 due	 to	 their	 effect	 on	 the	 layer	 of	 adsorbed	
proteins.	As	represented	in	Figure	14,	when	a	biomaterial	is	placed	in	the	body,	





Figure	 14	 Representation	of	 the	 initial	 cell	 adhesion	 to	a	 surface	 immersed	 in	a	
biological	fluid.	The	chemical	properties	of	the	surface	determine	the	composition	
of	 the	 adsorbed	 layer	 and	 the	 conformation	 of	 the	 adhered	 proteins.	When	 cells	
reach	 the	surface	 they	bind	 to	specific	 ligands	 found	 in	 this	 layer	of	biomolecules	
[60].	
	
The	chemical	properties	of	 the	surface	affect	both	 the	composition	of	 the	 layer	
and	the	conformation	(and	thus,	the	functionality)	of	the	adhered	proteins.	The	
situation	 is	generally	different	 in	vitro	 than	 in	vivo,	due	to	 the	distinct	chemical	
composition	of	cell	culture	media	and	physiological	fluids.	While	cells	cultured	in	
vitro	depend	mainly	 on	 cell	 adhesive	 proteins	 from	 the	 serum	 to	 adhere	 (e.g.	
fibronectin	and	vitronectin),	in	vivo	they	are	also	accompanied	by	other	proteins	
such	 as	 fibrinogen	 or	 albumin.	 One	 of	 the	main	 contributions	 to	 cell	 adhesion	
from	these	molecules	comes	 from	the	presence	of	 the	arginine-glycine-aspartic	
acid	 (RGD)	 amino	 acid	 sequence	 [61].	 Cells	 can	 bind	 to	 this	 sequence	 through	
integrin	 receptors	 establishing	 stable	 bonds	 that	 evolve	 into	 focal	 complexes	
(see	 Figure	 15).	 Focal	 complexes	 are	 bound	 intracellularly	 to	 actin	 filaments,	
participating	 in	 cytoskeleton	 organization	 and	 mechanotransduction,	 and	 are	
involved	 in	 the	 capacity	 of	 the	 cell	 to	 adhere,	 spread,	 divide	 and	 migrate.	 In	
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Figure	 15	 Model	 of	 the	 proteins	 composition	 and	 position	 in	 a	 focal	 adhesion.	
Integrins	(in	red)	can	attach	to	the	RGD	sequence	in	the	extracellular	matrix.	Once	
bound	 they	 gather	 together	 in	 large	 complexes	 called	 focal	 adhesions.	 These	
complexes	 are	 bound	 to	 the	 actin	 filaments	 (in	 blue)	 through	 a	 series	 of	
intracellular	proteins	[63].	
	
From	 the	physical	 point	 of	 view,	 two	main	 contributions	 can	 be	 found	 from	
surface	properties:	topography	and	stiffness.	Surface	topography	can	modify	cell	
behavior	 in	 terms	 of	 adhesion,	 spreading,	 migration,	 differentiation,	 and	 gene	
expression	 [64–69].	 The	 effects	 of	 topography	depend	on	 cell	 type	but	 also	on	





micro-rough	 versus	 flat	 implants.	 In	 fact,	 most	 of	 the	 dental	 implants	 in	 the	
market	 take	advantage	of	 these	observations,	presenting	an	Ra	ranged	between	
1-2	μm	[70].	In	this	regard,	in	vivo	studies	reported	higher	bone-implant	contact	
and	 higher	 torques	 needed	 to	 remove	 roughened	 screws	 as	 compared	 to	 flat	
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ones	 [71,72].	 This	 may	 be	 attributed	 on	 the	 one	 hand	 to	 an	 enhanced	micro-
mechanical	 retention	 [73]	 and	 on	 the	 other	 hand	 to	 a	 higher	 number	 and	
activation	 of	 platelets	 on	 rougher	 surfaces	 (producing	 the	 fibrin	 clots	 that	
facilitate	 cell	 migration	 to	 the	 surface)	 [74,75].	 In	 vitro,	 higher	 osteoblast	






been	 shown	 to	 highly	 affect	 integrin	 clustering	 and,	 thus,	 the	 adhesion	 and	
spreading	quality	 [78].	Nano-features	 can	affect	not	only	 cell	 adhesion	 [79,80],	
but	 also	 improve	 osteogenesis	 [81–83].	 In	 fact,	 Dalby	 et	 al.	 [68]	 found	 that	 a	
certain	 degree	 of	 nano-feature	 disorder	 could	 influence	 stem	 cell	 phenotype,	
indicating	 that	 organization	 of	 the	 topography	 is	 as	 important	 as	 its	 size	 and	












as	 well	 as	 provides	 mechanical	 cues	 to	 cells	 that	 influence	 adhesion,	 spreading,	
proliferation,	migration	and	differentiation.	At	 the	nano-scale,	 interactions	at	 the	
integrin	 level	affect	 focal	adhesion	and	cytoskeleton	organization,	which	 triggers	
cell	signaling	from	the	mechanotransduction	machinery	[55].	
	
As	mentioned	 before,	 stiffness	 is	 another	 physical	 property	 that	 can	 affect	 cell	
behavior.	Indeed,	the	stiffness	of	the	substrate	where	cells	are	growing	can	guide	
stem	 cell	 differentiation	 into	 specific	 lineages	 [85,86].	 Cells	 can	 sense	 forces	
exerted	 by	 the	 matrix	 through	 the	 actin	 structures	 linked	 to	 focal	 adhesions.	
These	 forces	 result	 in	 intra-cellular	 signaling	 that	 can	 affect	 gene	 expression.	
Interestingly,	this	process	is	independent	from	the	stimulation	by	soluble	factors,	
but	 presents	 synergism	with	 it.	 Thus,	 the	 stiffness	 of	 a	 biomaterial	must	 be	 in	
concordance	 to	 the	 tissue	 it	 replaces.	 In	 the	 case	 of	 bone,	 rigid	 materials	 are	














collagen	 of	 osteoids).	 After	 96	 hours	 of	 culture,	 cell	 morphology	 was	 completely	
different	 in	 the	 substrates:	 branched	 neuron-like	 cells	 in	 the	 softer	 substrates,	
spindle	 myoblast-like	 cells	 in	 the	 intermediate	 stiffness	 substrate,	 and	 polygonal	
cells	in	the	stiffest	one.	Scale	bar	is	20	μm	[86].	
Mineralized	 bone,	 as	well	 as	materials	 intended	 to	 replace	 bone	 (e.g.	 zirconia,	
titanium),	 present	 a	 higher	 stiffness	 than	 the	 one	 employed	 in	 the	 study	 of	














ceramics	 are	 much	 higher	 than	 the	 one	 of	 human	 bone.	 This	 difference	 of	
stiffness	 is	responsible	of	a	mechanism	known	as	“stress	shielding”	[87].	 In	the	
surgery	of	 long	bones,	 such	as	 the	 femur,	 the	higher	 stiffness	of	 the	prosthetic	
elements	can	“shield”	the	surrounding	bone	from	experiencing	the	desired	levels	
of	stress.	If	the	bone	does	not	experience	a	certain	level	of	mechanical	stresses	it	
gets	 progressively	 resorbed,	 which	 compromise	 the	 bone-implant	 function.	
However,	 in	 the	 dental	 field	 the	 “stress	 shielding”	 effect	 on	 the	 implant-jaw	
system	 has	 not	 been	 confirmed.	 In	 fact,	 recent	 studies	 based	 on	 numerical	
simulations	have	highlighted	the	benefits	of	using	stiff	materials	[88].		
	
Given	 the	broad	range	of	 stimuli	 that	 the	surface	deliver	 to	cells,	both	physical	
and	 chemical	 modifications	 are	 performed	 to	 implants	 in	 order	 to	 favor	
osteointegration.	 Such	 modifications	 may	 be	 oriented	 to	 provide	 a	 better	
mechanical	 retention,	 such	 as	 macro-roughening	 of	 the	 surface,	 or	 may	 be	














Commercial	 dental	 implants	 are	 generally	 roughened	 to	 promote	 faster	 and	
better	implant-bone	integration,	obtaining	improved	bone-implant	contact	(BIC)	
and	 removal	 torques,	 in	 vivo.	 Modifications	 are	 mostly	 addressed	 to	 increase	
both	surface	area	and	macro-/micro-	mechanical	retention.	However,	the	effect	
of	 micro-	 and	 nano-topography	 on	 bone-like	 cells,	 although	 probably	 present	
and	 beneficial,	 is	 not	 specifically	 targeted	 in	 such	modifications.	 Thus,	most	 of	
the	 employed	 techniques	 are	 directed	 towards	 a	 general	 increase	 in	 surface	
roughness	at	different	 length	 scales,	but	not	 towards	 the	 creation	of	particular	
topographies	that	trigger	specific	cell	functions.	
	
The	 most	 common	 techniques	 employed	 in	 Y-TZP	 implants	 include	
machining/grinding,	sandblasting,	chemical	etching	and	laser	patterning	[89,90].	
Other	 methods	 employed	 on	 titanium	 implants	 such	 as	 anodization	 are	 not	
suitable	 because	 of	 the	 lack	 of	 electrical	 conductivity	 of	 zirconia.	 While	
sandblasting	 and	 chemical	 etching	 produce	 random	 topographical	 features,	
grinding	 can	 produce	 directional	 (although	 also	 random)	 patterns.	 The	 three	
latter	 modifications	 (i.e.	 grinding,	 sandblasting	 and	 etching)	 are	 the	 most	
common	and	are	employed	in	several	commercial	implants.		
	
Among	 the	 techniques	 that	 allow	 creating	 specific	 pre-designed	 topographies,	




highlighted	 the	 potential	 of	 the	 technique.	 In	 this	 regard,	 alternative	methods	
able	 to	create	defined	 topographies,	 such	as	 lithographic-based	 techniques,	are	




One	 aspect	 that	 must	 be	 noted	 is	 that,	 in	 general,	 such	 techniques	 not	 only	
modify	 surface	 topography,	 but	 are	 also	 accompanied	 by	 microstructural	
changes	 and	 micro-damage	 that	 may	 influence	 LTD	 behavior	 and	 mechanical	






coarser	 abrasive	media.	 The	 surface	 of	 the	material	 is	 in	 contact	with	 a	
rotating	 grinding	 wheel,	 which	 consists	 on	 abrasive	 particles	 (usually	
diamond)	 embedded	 in	 a	matrix,	 as	 depicted	 in	Figure	 18.	 The	 contact	
between	these	sharp	particles	and	the	material	creates	a	combination	of	
plastic	flow	and	brittle	fracture	(i.e.	micro-cracks,	decohesion,	etc.).	In	this	
sense,	 material	 removal	 takes	 place	 by	 chipping	 and	 the	 confluence	 of	
cracks	 from	 adjacent	 penetration	 sites	 [95].	 If	 the	 depth	 of	 cut	 of	 the	
grinding	 wheel	 is	 sufficiently	 low,	 a	 ductile	 regime	 can	 be	 achieved,	




Figure	 18	 SEM	micrographs	of	a)	 surface	of	a	bur.	Embedded	diamond	particles	






particles	 jet	 onto	 the	 surface,	 generating	 plastic	 deformation	 and	
removing	chunks	of	material	(see	Figure	19a).	It	has	been	widely	used	in	
dentistry	 to	not	 only	 achieve	 a	 better	 osteointegration	of	 implants	 [98],	
but	 also	 to	 enhance	 the	 bonding	 between	 dental	 crowns	 and	 luting	
cement	 or	 between	 the	 crown	 and	 the	 veneering	 porcelain,	 due	 to	 an	
increase	 in	 surface	 area	 and	 wettability	 [99,100].	 The	 mechanism	 by	
which	a	particle	from	the	jet	is	able	to	erode	the	material	is	based	on	the	
particular	 interaction	 particle-surface,	 which	 is	 similar	 in	 nature	 to	 a	
quasi-static	indentation	[101].	The	high	stresses	around	the	collision	zone	
create	 lateral	 and	 radial	 cracks	 that	 can	propagate	 and	 lead	 to	material	
pull	 out	 with	 successive	 impacts.	 Lateral	 cracks	 are	 responsible	 for	
material	chipping	while	radial	cracks	penetrate	through	the	material	and	
are	 responsible	 for	 a	 reduction	 in	 strength.	 Depending	 on	 the	 particles’	
size,	 speed,	 and	 impact	 angle	 different	 values	 of	 roughness	 can	 be	
achieved.	 As	 some	 remnant	 particles	 may	 be	 strongly	 attached	 to	 the	
surface	after	the	treatment,	a	biocompatible	material	must	be	chosen	for	
the	 particles	 used.	 In	 this	 regard,	 materials	 such	 as	 alumina	 (Al2O3),	
titanium	 dioxide	 (TiO2)	 or	 calcium	 phosphates	 are	 suitable	 for	 this	
purpose	[98].		
	
Chemical	 etching:	 this	 surface	 treatment	 consists	 on	 the	 dissolution	 of	
the	material’s	surface	by	an	alkali	or	an	acid	etchant,	creating	a	roughness	
at	the	micro-	and	the	nanometric	length	scale.	Although	Y-TZP	presents	a	
very	 high	 chemical	 inertness,	 it	 has	 been	 successfully	 etched	 with:	
hydrofluoric	 acid	 (HF),	 hypophosphorous	 acid	 (H3PO2),	 potassium	
hydroxide	(KOH)	and	sodium	hydroxide	(NaOH);	being	HF	the	agent	with	
the	fastest	etching	rate	[102–104].		
Chemical	etching	 is	 frequently	used	 in	combination	with	sandblasting	 in	










Laser	 Patterning:	 this	 technique	 consists	 on	 the	 creation	 of	 a	 surface	
pattern	by	 selectively	 removing	material	with	 a	 laser	 beam	 (see	Figure	
20).	 High	 density	 optical	 energy	 is	 required	 to	 melt,	 dissociate	 (break	
chemical	bonds),	vaporize	and	expulse	material	from	the	interaction	zone	
[106].	 Several	 types	 of	 lasers,	 working	 modes	 and	 techniques	 may	 be	
used,	 creating	 different	 types	 of	 laser-material	 interaction	 [107]	 that	
allow	 producing	 a	 wide	 range	 of	 patterns	 and	 topographies,	 including	
features	 at	 the	 micron-	 and	 submicron-	 length	 scale	 [108].	 It	 is	 a	 non-












Grinding	 and	 polishing	 are	 frequent	 steps	 in	 the	 production	 of	 Y-TZP	
components,	 both	 to	 provide	 an	 adequate	 surface	 finishing	 and	 to	 make	
adjustments	 to	 the	 shape	 of	 components.	 In	 the	 particular	 case	 of	 restorative	




changes	after	 this	process	and	 its	main	effects	on	material’s	properties.	On	 the	
other	hand,	and	as	described	in	section	1.3.2,	the	addition	of	surface	roughness	
and	 the	modification	 of	 surface	 topography	 can	 affect	 cellular	 behavior,	which	
can	be	used	as	a	 tool	 to	enhance	 the	 interaction	with	biological	 tissues.	 In	 this	













strain	 produced	 during	 the	 abrasion	 of	 the	 surfaces,	 in	 situ	
recrystallization	occurred,	with	 grains	 of	 about	 10-20	nm	 (compared	 to	
its	original	grain	size	of	around	300-400	nm).	
2) A	 second	 layer	was	 identified,	with	 a	 thickness	 of	 500	nm.	 In	 this	 layer	
plastic	deformation	was	found,	with	highly	distorted	grains	in	a	direction	
parallel	to	the	surface.	
3) Below,	 a	 third	 layer	 of	 several	 microns	 thickness	 was	 observed,	 with	
abundant	 t	→	m	 phase	 transformation	 as	 evidenced	 by	m-	 laths.	 In	 this	





Figure	 21	 TEM	 micrograph	 of	 ground	 3Y-TZP.	 Three	 different	 layers	 can	 be	







X-ray	 diffraction	 (XRD)	 has	 also	 been	widely	 employed	 to	 study	 the	 effects	 of	
grinding	 processes	 in	 Y-TZP.	 The	 changes	 observed	 after	 evaluation	 of	 ground	
specimens	by	XRD	are	displayed	in	Figure	22	and	include:	
	
a) An	 increase	 in	 the	 m-	 content	 due	 to	 the	 stress	 induced	 t →	 m	
transformation.	
b) An	asymmetric	broadening	of	the	(101)t	peak.	This	was	first	reported	by	
Hasegawa	 [110]	 and	 has	 been	 associated	 to	 the	 presence	 of	
rhombohedral	(r)	phase.	According	to	several	authors,	such	phase	is	only	
stable	under	high	stresses	and	develops	from	the	transformation	from	the	
cubic	 (c →	 r)	 or	 the	 tetragonal	 phase	 (t →	 r)	 [111,112].	 Other	 authors,	
however,	relate	such	broadening	to	a	deformation	in	the	t-	lattice	[113].	It	
can	be	reverted	by	annealing	treatments	at	high	temperature	(>1000°C).	





tetragonal	a	axis	 can	 transform	 into	c,	 and	vice	versa,	 absorbing	part	of	
the	applied	mechanical	energy.	






Figure	 22	 XRD	 spectra	 of	 as	 sintered	 and	 ground	 3Y-TZP	 specimens.	 Ground	









Mechanical	 properties	 may	 improve	 or	 worsen	 depending	 on	 the	 grinding	
conditions	 [109,117–120].	 The	 main	 beneficial	 contribution	 comes	 from	 the	
stress	induced	t	→	m	phase	transformation.	Such	transformation	is	accompanied	
by	a	volume	expansion	of	around	4%	that	creates	a	compressive	layer	of	residual	
stresses	 on	 the	 surface	 [2],	 improving	 bending	 strength,	 fatigue	 and	 fracture	
toughness.	 However,	 when	 the	 induced	 flaws	 (e.g.	 scratches	 and	 cracks)	 are	
large	 enough	 to	 penetrate	 beyond	 the	 compressive	 layer,	 or	 when	 grinding	
parameters,	such	as	the	absence	of	coolant,	promote	an	increase	of	temperature	








Low	 temperature	 degradation	 (also	 known	 as	 hydrothermal	 degradation	 or	
ageing)	 can	 also	 be	 hindered	 or	 not	 depending	 on	 the	 grinding	 conditions	
[93,122–124].	 It	 has	 been	 shown	 that	 the	 changes	 introduced	 by	 grinding	 can	
delay	 hydrothermal	 degradation.	 The	 protection	 achieved	 is	 the	 result	 of	 the	
following	changes	in	microstructure:	
	
a) The	 layer	 of	 nano-grains	 that	 forms	 in	 the	 first	 nanometers	 of	
material	are	protected	 from	the	 t	→	m	phase	 transformation	due	
















	The	 influence	 of	 ground	 surfaces	 on	 cell	 behavior	 is	 due	 to	 the	 increase	 in	






For	 example,	 Deligianni	 et	 al.	 [128]	 found	 an	 increase	 in	 both	 adhesion	 and	
proliferation	on	increasingly	rough	ground	titanium	surfaces.	However,	Anselme	
et	 al.	 [129][130]	 observed	 the	 opposite	 behavior.	 In	 this	 regard,	 decrease	 in	
proliferation	may	 be	 related	 to	 the	 concomitant	 process	 of	 cell	 differentiation.	
Lincks	et	al.	[131]	compared	smooth	versus	rough	ground	titanium	surfaces	and	
found	an	enhanced	differentiation	on	the	rough	surfaces,	indicated	by	a	decrease	
in	proliferation	and	an	 increase	 in	alkaline	phosphatase	 (ALP)	and	osteocalcin.	
Other	authors	have	also	found	increased	ALP	activity	on	ground	surfaces	[132],	
indicating	 an	 enhanced	 osteogenic	 potential.	 Topographical	 features	 found	 on	
ground	 surfaces,	 in	particular	 the	 formation	of	 grooves,	 can	also	 affect	 cellular	
behavior	by	favoring	cell	alignment	(see	Figure	23)	and	migration	[65,133,134],	
which	have	 an	 important	 role	 in	many	 cellular	 processes	 such	 as	 cytoskeleton	
reorganization,	 membrane	 protein	 relocation,	 nucleus	 gene	 expression	 or	
extracellular	 matrix	 (ECM)	 remodeling	 [135].	 Notably,	 most	 of	 the	 studies	






Figure	 23	 Cells	 growing	 on	 a	 ground	 3Y-TZP	 surface.	 Alignment	 of	 cell	 bodies	





Laser	 applications	 are	of	 interest	 for	 a	 variety	of	 fields	 including	 the	 scientific,	
industrial,	medical	 or	military.	 They	 can	 be	 used	 to	 transmit	 information	 (e.g.	
telecommunications),	gather	information	(e.g.	measuring	devices)	or	as	a	tool	to	
modify	 matter	 (e.g.	 laser	 marking,	 cutting,	 welding,	 etc.),	 among	 others.	
Depending	on	the	properties	of	the	laser	beam,	such	as	wavelength	or	intensity,	
the	mechanisms	by	which	 it	 interacts	with	matter	can	change,	affecting	surface	
chemistry,	 topography	 or	 phase	 composition	 in	 different	 ways	 [136].	 In	
particular,	 when	 short	 pulses	 of	 high	 energy	 are	 employed,	 localized	 melting,	
vaporization	 or	 ablation	 are	 possible,	 which	 has	 been	 of	 especial	 interest	 in	
surface	engineering.		In	this	field,	laser	techniques	have	been	employed	to	create	







(DLIP)	 [136].	 The	 latter	 technique,	DLIP,	 allows	producing	 surface	patterns	 by	
the	 inhomogeneous	energy	distribution	produced	by	the	 interference	of	two	or	
more	 laser	beams.	When	coherent	and	 linearly	polarized	beams	are	allowed	to	
interfere	 on	 a	 surface,	 the	 particular	 intensity	 distribution	 depends	 on	 the	
wavelength,	number	of	beams	and	their	relative	angles	[139,140].	 If	beams	are	






Figure	 24	Different	 intensity	distribution	patterns	with	 two	 (left),	 three	 (center)	




and	 the	 majority	 focused	 on	 linear	 structures	 [91,92,145–152],	 achieving	
features	 at	 the	micron	 scale.	 The	most	 common	 approaches	 involve	 the	 use	 of	
laser	 equipment	 providing	 pulses	 at	 the	 nanosecond	 (mostly	 Nd:YAG	 at	 a	
wavelength	 of	 1064	 nm,	 or	 532/355/266	 nm	 by	 second	 and	 third-harmonic	




TZP,	 the	 nature	 of	 laser-material	 interaction	 is	 different,	 and	 therefore	 the	
produced	 topography,	 surface	 damage	 and	 microstructural	 changes	 are	 also	
different.	 The	 mechanisms	 underlying	 this	 effect	 are	 related	 to	 energy	













in	 an	 excited	 state.	 The	 time	 needed	 to	 transfer	 this	 energy	 to	 the	 lattice	 and	
reach	 an	 electron-lattice	 thermal	 equilibrium	 is	 in	 the	 order	 of	 10-12	 s.	 At	 this	
point,	the	duration	of	the	pulse	is	critical.	If	laser	pulses	at	the	nanosecond	(10-9	
s)	regime	are	delivered,	electrons	have	enough	time	to	 transfer	 their	energy	to	
the	 lattice	 through	 electron-lattice	 collisions,	 and	 the	main	 energy	 loss	 is	 heat	
conduction	 into	 the	solid	 [107].	This	way,	material	 removal	 takes	place	mainly	
by	thermal	mechanisms	(melting,	vaporization,	etc.)	However,	if	the	laser	pulses	
are	at	the	femtosecond	regime	(10-15	s),	there	is	insufficient	time	to	transfer	the	




In	 practice,	 in	 each	 time	 regime	 several	 mechanisms	 can	 take	 place	
simultaneously,	 although	 one	 of	 them	 is	 predominant.	 In	 Y-TZP,	 melting	 and	
vaporization	 are	 the	main	 responsible	 for	material	 removal	 in	 the	nanosecond	







signs	of	melting	 and	 resolidification.	 Several	 defects	 can	be	observed,	with	 the	
presence	of	cracks	(due	to	thermal	shock),	pores	and	droplets	[92,152].	Stresses	
generated	 by	 such	 cracks	 trigger	 the	 t →	 m	 phase	 transformation[152,156].	
Slight	texture	in	the	t-phase	has	been	also	measured	and	due	to	resolidification	
some	microstructural	changes	have	been	observed,	such	as	recrystallization	and	
columnar	 grain	 growth	 in	 the	 recast	 layer	 [156].	 In	 contrast,	 femtosecond	
treated	 surfaces	 present	 a	 difference	 appearance,	 with	 features	 indicating	
ablation	instead	of	melting.	Scarce	efforts	have	been	dedicated	to	the	study	of	the	
surface	 changes	on	Y-TZP	after	patterning	with	 femtosecond	 lasers.	 Some	sub-
superficial	micro-cracks	and	pores	were	observed	by	Stanciuc	et	al.	[148]	after	
patterning,	 as	 well	 as	 ripple	 formation	 under	 certain	 conditions	 [148,157].	 In	
addition,	 very	 small	 amounts	 of	 phase	 transformation	 were	 found	 [91,149].	




Figure	 25	 SEM	micrographs	 of	 the	 surface	 features	 of	 laser-modified	 Y-TZP.	 a)	
Surface	appearance	after	modification	with	a	nanosecond	regime	laser.	A	layer	of	
resolidified	material	is	visible,	with	the	presence	of	droplets	and	cracks	[152].	Scale	







Although	 of	 particular	 relevance,	 just	 a	 few	 works	 have	 studied	 mechanical	
properties	and	LTD	resistance	after	such	treatments.	Daniel	et	al.	[158]	observed	
an	increase	in	mechanical	properties	in	the	nanosecond	regime,	which	attributed	
to	 compressive	 residual	 stresses	 and	 a	 reduced	 grain	 size.	 However,	 more	
recently,	 both	 Pereira	 et	 al.	 [152]	 and	 Roitero	 et	 al.	 [159]	 found	 a	 reduced	
strength	 but	 a	 slightly	 increased	 Weibull	 modulus.	 In	 particular,	 Roitero	 and	
coworkers	 attributed	 the	 reduced	 strength	 to	 the	 enlargement	 of	 pre-existing	
defects	(i.e.	pores)	close	to	the	surface.		
	
Pereira	 et	 al.	 [152]	 found	 a	 worsening	 of	 the	 LTD	 resistance	 after	 laser	
patterning	 in	 the	 nanosecond	 pulse	 regime,	which	 could	 be	 improved	 in	 some	
cases	by	 a	 thermal	 treatment.	Roitero	et	al.	[94]	obtained	 similar	 results.	They	
found	 an	 overall	 decreased	 LTD	 resistance	 after	 laser	 patterning.	 Although	
compressive	residual	stresses	favored	slower	phase	transformation	kinetics,	the	
presence	 of	 a	 higher	 initial	 m-phase	 content	 (due	 to	 the	 laser-patterning	









Laser	 machined	micro-patterns	 on	 zirconia-based	materials	 can	modulate	 cell	
morphology.	Different	topographies	have	been	produced	such	as	pits	[148]	and	
linear	structures	 [149–151,160,161].	While	pits	 can	 just	affect	 cell	morphology	
(i.e.	 size,	 aspect	 ratio,	 circularity,	 etc.),	 linear	 structures	 can	 also	 promote	 cell	
alignment	(see	Figure	26).	Several	studies	have	shown	improved	response	from	
cells	of	the	bone	lineage	when	growing	on	linearly	patterned	zirconia	substrates.	
These	 enhancements	 include	 improved	 osteogenic	 differentiation	 from	 human	
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bone	 marrow	 stromal	 cells	 (BMSCs)	 [149],	 as	 well	 as	 increased	 ALP,	
mineralization	 and	 osteogenic	 gene	 upregulation	 in	 osteoblast-like	 cells	
[150,160,161].	In	this	regard,	it	has	been	shown	that	grooved	patterns	can	guide	
stem	 cell	 differentiation,	 depending	 on	 the	 particular	 geometry	 of	 the	 grooves	
[162].	
	
In	 vivo,	micro-grooves	 can	 also	 improve	 implant	 performance.	 For	 instance,	 it	
has	been	shown	that	laser-ablated	microgrooves	on	the	implant	collar	can	affect	
epithelial,	 fibroblastic	 and	 osteoblastic	 migratory	 patterns,	 influencing	 the	
orientation	of	the	connective	tissue	fibers	respect	the	implant	surface	[163].	The	
correct	orientation	of	such	 fibers	hinders	 the	apical	migration	of	 the	 junctional	
epithelium,	avoiding	crestal	bone	loss.	Laser	patterned	implant	collars	can	limit	
the	 epithelial	 downgrowth,	 improve	 soft	 and	 bone	 tissue	 attachment,	 and	












The	surface	of	biomaterials	 can	be	chemically	modified	 in	order	 to	add	certain	
biological	 properties.	 One	 possibility	 is	 to	 alter	 the	 chemical	 properties	 of	 the	





specific	biological	 cues	and	are	easier	 to	apply	 to	different	substrate	materials.	






The	most	 common	 inorganic	 coatings	 in	 bone	 tissue	 engineering	 are	 based	 on	
ceramic	 inorganic	 materials,	 including	 calcium	 phosphates	 (CaP)	 [168]	 and	
bioactive	glasses	[169].	While	CaP	cements	are	a	family	of	materials	with	similar	
composition	 to	 bone	 and	 teeth,	 bioactive	 glasses	 are	 based	 on	mixtures	 of	 the	





mainly	 applied	 to	 titanium	 substrates	 but	 can	 also	 be	 employed	 on	 zirconia	




formed	on	 the	 surface	 of	 a	material	 after	 immersion	 in	 a	 simulated	 body	 fluid	
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(SBF),	 as	 shown	 in	Figure	 27.	 The	 deposited	 layer	 consists	 on	 amorphous	 or	
poorly	 crystalline	 ion-substituted	 calcium	 orthophosphates.	 The	 method	












These	 coatings	 are	 based	 on	 the	 immobilization	 of	 polymers	 on	 the	 surface,	
either	from	a	synthetic	or	a	natural	origin.	They	are	highly	versatile	as,	to	some	
extent,	can	be	tuned	to	modify	their	properties	in	terms	of	density,	morphology,	
thickness,	 hydrophobicity,	 degradability,	 etc.	 They	may	be	 aimed	 at	mimicking	
the	extracellular	environment	(i.e.	the	ECM),	trigger	specific	cell	functions,	act	as	





Figure	 28	 Classification	 of	 organic	 coatings	 according	 to	 the	 origin	 of	 the	
polymers	employed.	
	
Synthetic	 coatings	 are	 produced	 from	 human-made,	 artificially	 synthesized	
polymers.	They	can	be	degradable	or	non-degradable	and	are	mainly	employed	
to	 alter	 some	 chemical	 properties,	 such	 as	 the	 hydrophilic/hydrophobic	
behavior,	or	act	as	drug	delivery	systems.	They	are	highly	tunable,	their	physical	
properties	 can	 be	modified	 depending	 on	 the	 specific	 application,	 and	 present	
low	 immunogenicity	 risks.	 However,	 their	 ability	 to	 deliver	 specific	 biological	
cues	 is	 limited.	 Degradable	 polymers	 are	 usually	 employed	 as	 drug-delivery	
agents	 and	 include	 poly(D,L-lactic-co-glycolic	 acid)	 (PLGA)	 [179]	 or	






produced	 synthetically,	 inspired	 by	 nature.	 They	 can	 provide	 cell-specific	
interactions	 and	 are	 highly	 biocompatible	 and	 non-toxic.	 However,	 their	
synthesis	 is	 often	more	 complex	 and	when	 sourced	 from	 natural	 origins,	 both	
their	 composition	 and	 conformation	 cannot	 be	 entirely	 controlled.	 Natural	
coatings	 include	 a	 wide	 range	 of	 molecules	 including	 polysaccharides	 (e.g.	
glycosaminoglycans	 (GAGs),	 chitosan,	 alginate,	 pectin	 etc.),	 proteins	 derived	






side,	 ECM-derived	 proteins	 can	 present	 specific	 sites	 with	 biologic	 activity,	
including	 the	 presence	 of	 cell	 binding	motives	 or	 the	 ability	 to	 entrap	 growth	
factors	[62,187].	ECM	proteins	are	complex	molecules	that	can	possess	multiple	
functions,	interact	with	other	proteins	and	present	unmasked	functions	that	can	
be	activated	 in	 the	 right	moment	by	 the	 right	biological	 environment	 [188].	 In	
the	 last	 decades,	 recombinant	 DNA	 technologies	 offer	 also	 the	 possibility	 to	
produce	 chimeric	 proteins	 that	 gather	 multiple	 biological	 functions	 [189].	
However,	there	is	a	concern	with	the	disease	transmission	and	immunogenicity	
problems	derived	from	the	use	of	such	proteins,	as	they	are	either	derived	from	a	
natural	 source	or	produced	by	 recombinant	 technologies	 in	organisms	 such	 as	
bacteria	 or	 yeast	 [190].	 In	 addition,	 the	 relatively	 large	 size	 of	 proteins	 may	
entail	 stability	 issues	 in	 varying	 conditions	 of	 pH	 and	 temperature.	 Another	
approach	 that	 circumvents	 such	 problems	 consists	 on	 the	 use	 of	 synthetic	
peptides,	 short	 sequences	 of	 amino	 acids.	 They	 can	 be	 derived	 from	 natural	
sources	(e.g.	ECM,	soluble	factors,	etc.)	or	engineered	for	specific	purposes,	and	
can	 be	 easily	 synthesized	 by	 liquid	 or	 solid-phase	 chemistry.	 Peptides	 can	
present	very	different	biological	properties	 [191–193]	and	due	to	 their	smaller	
















Peptides	 can	 display	 a	 wide	 range	 of	 biological	 properties,	 including	 cell-
adhesion,	 angiogenesis,	 osteogenesis,	 antibacterial,	 antioxidative,	
antithrombotic,	 etc.	For	 this	 reason,	peptides	have	attracted	 the	 interest	of	 the	






One	 of	 the	 most	 important	 properties	 of	 an	 implant’s	 surface	 is	 the	 correct	
integration	 with	 the	 surrounding	 tissues.	 In	 vivo,	 cells	 can	 bind	 to	 the	 ECM	
mainly	 through	 integrins,	 a	 family	 of	 heterodimeric	 transmembrane	 receptors	
composed	of	two	subunits,	α	and	β.	At	least	half	of	the	known	integrins	can	bind	
to	 a	 specific	 sequence	 found	 in	 several	 ECM	 proteins,	 the	 Arg-Gly-Asp	 (RGD)	
amino	 acid	 sequence	 [61].	 This	 cell	 adhesive	 motif	 can	 be	 found	 in	 several	
proteins	 including	 fibronectin,	 vitronectin,	 fibrinogen,	 osteopontin,	 bone	
sialoprotein	 and	 collagen.	 Once	 bound	 to	 the	 ECM,	 integrins	 oligomerize.	
Intracellularly,	integrins	promote	clustering	of	several	proteins,	which	are	linked	
to	actin	filaments,	thus	establishing	a	link	between	the	cell	cytoskeleton	and	the	
ECM.	 Such	 complexes	 formed	by	 integrins	 and	 intracellular	 protein	 aggregates	
(which	 include	 structural	 and	 signaling	molecules	 such	 as	 talin,	 vinculin	 or	α-
actinin)	 are	 called	 focal	 adhesions	 [203].	 The	 establishment	 of	 focal	 adhesions	
allows	for	a	strong	bond	with	the	ECM	and,	importantly,	the	mechanical	sensing	




Surface	 functionalization	 with	 RGD	 peptides	 has	 been	 therefore	 widely	
employed	 in	 vitro	 and	 in	 vivo	 to	 mimic	 the	 cell	 adhesion	 to	 the	 ECM	 on	 the	
surface	of	biomaterials	[195,196,201,202].	RGD	provides	strong	cell	attachment	
sites	 allowing	 cells	 not	 only	 to	 adhere	 to	 the	 substrate,	 but	 also	 to	 sense	 the	
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properties	 of	 the	 biomaterial.	 Thanks	 to	 the	 formation	 of	 a	 well-developed	





Bone	morphogenetic	 protein	 2	 (BMP-2)	 is	 a	 growth	 factor	 that	 belongs	 to	 the	
transforming	growth	 factor	β	 (TGF-β)	 super	 family.	 It	has	an	 important	 role	 in	
the	development	of	bone,	cartilage	and	in	bone	regeneration	[204].	Importantly,	
BMP-2	 can	 induce	 the	 differentiation	 of	 MSCs	 into	 osteoblast	 precursors,	 and	
promote	their	maturation	[205].	Recombinant	human	BMP-2	has	been	employed	
in	 spinal	 fusion	 surgeries,	 although	 several	 problems	 including	 ectopic	 bone	
formation	have	been	reported	[206,207].	The	use	of	peptides	derived	from	BMP-
2	 may	 retain	 its	 osteogenic	 properties	 while	 reducing	 potential	 side	 effects.	
Moreover,	 peptidic	 functionalization	 of	 the	 prosthesis	 surface	 allows	 reducing	
the	dose	employed	and	avoiding	 its	diffusion	off	 the	 target,	 as	 it	 happens	with	
soluble	 growth	 factors.	Among	 the	different	BMP-2	derived	peptides	 that	 have	
been	 found	 to	 present	 osteogenic	 properties,	 the	 DWIVA	 sequence	 is	 of	
particular	interest	due	to	its	activity	and	small	size	[208–212].	It	is	derived	from	
the	wrist	 epitope	 of	 the	 human	 BMP-2	 and	 includes	 overlapping	 sequences	 of	
BMP	receptor	I	and	BMP	receptor	II	binding	sites.	It	has	shown	enhanced	in	vivo	
bone	growth	around	 functionalized	 titanium	 implants	and	mineral	granules,	as	



















Waals	 forces,	 hydrophobic	 interactions	 etc.)	 between	 the	 molecule	 and	 the	
surface.	 It	 is	 a	 simple	 and	 fast	 method	 and	 prevents	 alterations	 of	 the	
biomolecule,	 but	 leads	 to	 relatively	 unstable	 bonds,	 which	 can	 be	 affected	 by	
slight	changes	in	pH	or	temperature.	Covalent	bonding,	however,	involves	more	
steps	but	provides	stronger	grafting	properties	and	is	generally	preferred.	In	this	
category,	 silane	 coupling	 agents	 are	 the	 most	 commonly	 employed	 to	
functionalize	 surfaces	 of	 metallic	 oxides	 [214].	 The	 process	 begins	 with	 the	
reaction	between	the	trialkoxy	group	of	the	silane	and	the	hydroxyl	groups	of	the	
surface,	which	must	be	previously	activated	(e.g.	with	an	alkaline	etching,	plasma	





involves	multiple	steps	and	the	use	of	 toxic	solvents.	 In	 this	regard,	alternative	




This	 molecule	 can	 bind	 to	 both	 organic	 and	 inorganic	 substrates	 [218,219]	









catechol	 is	 oxidized	 into	 a	 quinone	 form	 and	 can	 crosslink	 covalently.	 In	 this	
state	it	can	polymerize	or	react	with	other	functional	groups	[219].	Thanks	to	its	











Figure	 29	 Schematic	 representation	 of	 the	 possible	 interactions	 of	 the	 catechol	
found	 in	 L-DOPA.	 In	 its	 reduced	 form,	 non-covalent	 interactions	 are	 found	 (blue	















the	 research	 level	 and	 the	dental	 field,	 the	use	of	biofunctional	 coatings	 is	 still	
scarce	 for	 this	 material.	 In	 this	 aspect,	 the	 most	 common	 approach	 is	 the	
modification	with	inorganic	coatings,	including	bioglass	and	hydroxyapatite	(HA)	
[220,221].	 In	 contrast,	 organic	 coatings	 have	 been	 barely	 explored	 on	 these	
materials.	The	few	available	studies	include	L-DOPA	and	polydopamine	coatings	
[197,198,202],	the	RGD	peptide	[200–202]	and	IGF-1	[199].	However,	no	works	















Since	 the	 first	 dental	 implants	 developed	 by	 Brånemark	 [222],	 titanium	 has	
become	the	“gold	standard“	in	oral	implantology.	Over	time,	the	original	designs	
as	 well	 as	 the	 surface	 properties	 have	 been	 extensively	 modified	 in	 order	 to	
accelerate	healing	time	[223].	Roughened	surfaces	and	hydroxyapatite	coatings	




carbon,	 bioactive	 glass,	 titanium	dioxide	 films	 and	 fluoride	 surface	 treatments.	
More	recently,	the	release	of	drugs	(e.g.	bisphosphonates	and	statins),	antibiotics	
(e.g.	 tetracycline)	 and	 growth	 factors	 (e.g.	 bone	 morphogenetic	 proteins	 and	
transforming	 growth	 factor	 β1)	 have	 been	 introduced,	 as	 well	 as	 the	 study	 of	
organic	coatings	including	synthetic	peptides	and	recombinant	proteins.		
	
In	 contrast	 to	 the	 long	 and	 successful	 history	 of	 titanium,	 zirconia-based	
ceramics	 began	 their	 journey	 in	 prosthetic	 dentistry	 in	 the	 early	 2000’s,	 after	
suffering	an	unexpected	setback	in	the	hip	replacement	field.	The	technological	
challenges	to	surface	modify	a	hard	ceramic	coupled	with	the	critical	changes	in	
the	 LTD	 behavior,	 further	 slowed	 the	 introduction	 of	 these	 materials	 in	 the	
biomedical	 field.	Nowadays,	zirconia	 is	 the	preferred	choice	 to	produce	several	
dental	parts,	 but	 its	 application	as	 an	 implant	 is	 still	 reduced.	Yet,	 some	of	 the	




In	 this	 context,	 the	 present	 Ph.D.	 Thesis	will	 investigate	 topography-modifying	
treatments	 in	 3Y-TZP	 able	 to	 improve	 the	 implant-tissue	 integration.	 The	
induced	 surface	 damage,	 phase	 transformation	 and	 changes	 in	 LTD	 resistance	
will	 be	 evaluated,	 as	 well	 as	 its	 biological	 effects	 on	 cell	 cultures.	 The	 most	





improve	 its	 tissue	 integration	 potential,	 one	 of	 physical	 and	 one	 of	 chemical	
nature.	Throughout	this	Ph.D.	Thesis	it	will	be	shown	that,	similarly	to	titanium,	
zirconia–based	 ceramics	 can	 be	 surface-modified	 with	 advanced	 and	 highly	
tunable	 methods,	 avoiding	 extensive	 surface	 damage	 or	 LTD	 worsening,	 and	
importantly,	with	industrial	applicability.	
	
Two	 surface	 treatments	 were	 chosen:	 grinding/polishing	 and	 laser	 micro-
patterning.	Both	of	 them	can	increase	the	average	roughness	(Ra)	at	 the	micro-	
and	sub-micrometric	 length	scale	as	well	 as	 introduce	directional	 features	 that	
can	 guide	 cell	 growth.	 However,	 the	 surface	 modifications	 are	 achieved	 by	
different	principles,	entirely	mechanically	 in	 the	case	of	grinding/polishing	and	
thermally	 in	 the	 case	 of	 laser	 micro-patterning.	 Hence,	 differently	 affected	
microstructures	(i.e.	grain	refinement,	micro-cracks,	phase	transformation,	etc.)	
and	surface	damage	are	expected.	Both	present	their	advantages	and	drawbacks.	
While	 grinding/polishing	 is	 faster	 and	 cheaper,	 laser	 micro-patterning	 can	
produce	more	 reproducible	 and	homogeneous	 structures.	 As	 described	before,	
the	 one	 displaying	 the	 best	 outcome	 will	 be	 further	 functionalized	 with	 an	



















- In	 Paper	 I	 the	 changes	 on	 the	 surface	 and	 the	 subsurface	 after	
grinding/polishing	3Y-TZP	will	be	evaluated.	In	particular,	topographical	
changes,	 the	 presence	 of	 surface	 damage,	 changes	 in	 microstructure,	
phase	 transformation	 and	 residual	 stresses	 will	 be	 discussed.	 For	 this	
purpose,	 different	 treatments	 in	 terms	 of	 grinding	 severity	 and	
directionality	will	be	compared.	Results	are	published	 in	 “J.	Minguela,	 S.	
Slawik,	 F.	 Mücklich,	 M.P.	 Ginebra,	 L.	 Llanes,	 C.	 Mas-Moruno,	 J.J.	 Roa,	




LTD	 resistance	 and	 cell	 behavior	 will	 be	 analyzed.	 The	 properties	
observed	will	be	explained	on	the	basis	of	the	surface	changes	reported	in	
Paper	I.	Results	 are	published	 in	 “J.	Minguela,	M.P.	Ginebra,	 L.	 Llanes,	C.	
Mas-Moruno,	 J.J.	 Roa,	 Influence	 of	 grinding/polishing	 on	 the	mechanical,	
phase	 stability	 and	 cell	 adhesion	properties	 of	 yttria-stabilized	 zirconia,	 J.	
Eur.	Ceram.	Soc.	40	(2020)	4304–4314”.	
	
- In	 Paper	 III	 3Y-TZP	 will	 be	 micro-patterned	 with	 a	 femtosecond	 laser.	
Surface	damage,	microstructure,	phase	 transformation,	 residual	 stresses	
and	 LTD	 resistance	 will	 be	 analyzed.	 The	 surface	 will	 also	 be	
functionalized	with	 a	dual	RGD/DWIVA	peptidic	platform.	The	 rationale	
for	 selecting	 laser	 patterning	 over	 grinding	 for	 functionalization	 is	
detailed	 in	Annex	A.	 The	 effects	 on	 cell	 behavior	 derived	 from	 both	 the	
topography	and	the	biomolecule	will	be	discussed.	Results	are	published	
in	“J.	Minguela,	D.W.	Müller,	F.	Mücklich,	L.	Llanes,	M.P.	Ginebra,	J.J.	Roa,	C.	
Mas-Moruno,	 Peptidic	 biofunctionalization	 of	 laser	 patterned	 dental	

























In	Papers	 I	 and	 II	 the	main	 subsurface	 changes	 after	 grinding/polishing	
were	 characterized	 by	 means	 of	 advanced	 characterization	 techniques	
(i.e.	 field	 emission	 scanning	 electron	 microscopy;	 focused	 ion	 beam;	
confocal	 micro-Raman	 spectroscopy,	 etc.).	 The	 surface	 properties	 were	
also	investigated	and	correlated	to	the	observed	subsurface	changes.	For	




Regarding	Paper	 I,	 it	 was	 found	 that	 several	 changes	 take	 place	 on	 the	
subsurface	 after	 grinding/polishing,	 which	 are	 correlated	 with	 the	
severity	of	 the	abrasion.	A	 layer	of	recrystallized	nano-grains	was	 found	
on	the	ground	surfaces.	The	thickness	of	this	layer	increased	in	agreement	
with	the	abrasion	severity	employed.	Even	in	mildly	polished	specimens	
(1-M/U),	 a	 partially	 recrystallized	 layer	 could	 be	 observed.	 The	 t	→	m	
stress-induced	phase	transformation	took	place,	following	the	same	trend	
as	 displayed	 by	 surface	 recrystallization.	 As	 expected,	 due	 to	 the	
expansive	nature	of	 the	 t	→	m	phase	 transformation,	 a	 layer	 of	 residual	
compressive	 stresses	 could	 be	 detected,	 reaching	 1.4	 GPa	 in	 the	 most	
severely	ground	surfaces.	Simple	mathematical	equations	relating	surface	
average	 roughness	 (Sa),	 monoclinic	 volume	 fraction	 (Vm)	 and	 residual	
surface	stresses	could	be	obtained.	Although	the	observed	changes	after	
grinding/polishing	 can	 be	 beneficial	 for	 the	 mechanical	 properties	 and	








Figure	 30	 Summary	 of	 the	main	 results	 of	 Paper	 I.	 Abrasion	 severity	 is	 labeled	
from	 1	 to	 4.	 Grinding	 directionality	with	M	 or	 U.	MP	 specimens	 correspond	 to	 a	
mirror-like	polished	specimen	employed	as	a	reference.		
	
In	Paper	II,	the	observations	made	 in	Paper	I	were	 employed	 to	 explain	
the	 changes	 in	 surface	 properties	 after	 grinding/polishing.	 Contact	
damage	 response	 improved	 thanks	 to	 the	 layer	 of	 residual	 compressive	
stresses.	 In	 addition,	 the	 anisotropic	 compressive	 residual	 stresses	 in	
unidirectionally	 ground	 specimens	 led	 to	 anisotropic	 mechanical	
properties.	 LTD	 behavior	 improved	 with	 grinding/polishing	 and	 was	
maximum	 at	 intermediate	 levels	 of	 abrasion	 (2/3-M/U).	 However,	 in	
severely	 abraded	 specimens	 surface	 damage	 was	 the	 responsible	 for	 a	
drastic	decrease	 in	the	LTD	protection	(4-M/U).	Finally,	human	sarcoma	
osteogenic	 (SaOS-2)	 cells	 were	 cultured	 on	 the	 modified	 surfaces.	
Although	no	improvement	in	cell	adhesion	was	detected	as	compared	to	
flat	 reference	 specimens,	 contact	 guidance	 was	 observed	 in	
unidirectionally	 ground	 specimens.	 This	 only	 happened	 on	 the	 surfaces	
with	the	two	highest	roughness	grades	(Sa	>	150	nm)	and	was	evidenced	






Figure	 31	 Summary	 of	 the	main	 results	 of	 Paper	 II.	 Abrasion	 severity	 is	 labeled	








with	 a	 femtosecond	 laser.	 The	 technique	 employed,	 direct	 laser	
interference	 patterning	 (DLIP),	 ensured	 a	 fast,	 reproducible	 and	
homogeneous	 pattern.	 In	 this	 regard,	 the	 selection	 of	 the	 femtosecond	
regime	 allowed	 decreasing	 the	 surface	 damage	 and	 microstructural	
changes	on	 the	subsurface,	as	compared	 to	other	pulse	 time	regimes.	 In	
the	 first	 part	 of	 Paper	 III	 the	 effects	 of	 the	 laser	 on	 topography,	








of	m-phase	 were	 produced	 after	modification	with	 this	 technique.	 As	 a	
result,	 the	residual	stress	state	was	very	 low,	similar	 to	 the	one	prior	 to	
laser	patterning.	Damage	was	 found	on	 the	bottom	of	 the	 valleys	 in	 the	
form	of	nano-cracks	and	nano-pores,	which	was	 limited	 to	 the	 first	500	
nm	 under	 the	 surface.	 Regarding	 LTD,	 accelerated	 tests	 in	water	 steam	
showed	 that	 the	 laser	 treatment	 reduced	 the	 LTD	 resistance.	 This	 was	
related	 to:	 1)	 the	 presence	 of	 nano-cracks,	 2)	 small	 traces	 of	m-phase	
induced	 by	 the	 laser	 treatment	 and	 3)	 the	 increase	 in	 surface	 area.	
However,	 if	 a	 post-laser	 thermal	 treatment	 was	 carried	 out,	 LTD	
resistance	 was	 recovered	 and	 even	 improved	 with	 respect	 to	 the	
reference	 specimens.	 Thermal	 treatments	 can	 revert	 the	m-phase	 to	 t-
phase	and	relief	residual	stresses.	The	improvement	respect	to	reference	
specimens	was	 related	 to	 the	 nano-topography	 found	 on	 the	 bottom	 of	
the	valleys,	which	could	have	a	 similar	effect	 as	 reducing	 the	grain	 size.	




















The	 last	 part	 of	 the	 Ph.D.	 Thesis	 was	 dedicated	 to	 investigate	 the	 possible	
synergisms	 between	 topographical	 and	 biochemical	 modifications	 on	 cell	
behavior.	 However,	 prior	 to	 this,	 one	 of	 the	 techniques	 able	 to	modify	 surface	
topography	had	to	be	chosen.	In	Annex	A,	a	cell	adhesion	assay	was	employed	to	
analyze	 and	 compare	 the	 effects	 of	 the	 topographies	 produced	 by	
grinding/polishing	 and	 laser	 patterning	 on	 cell	 adhesion	 and	morphology.	 The	
most	optimal	surface	 treatment	(i.e.	grinding	or	 laser-patterning)	was	selected.	




effectively	 produce	 a	 contact	 guidance	 in	 SaOS-2	 cells,	 in	 the	 larger	 MSCs	
employed	 in	 this	 experiment	 the	 effects	 were	 highly	 reduced.	 This	 could	 be	
related	 to	 the	 limited	 size	 of	 the	 features	 that	 can	 be	 produced	 by	 grinding	
without	 generating	 excessive	 damage.	 In	 contrast,	 cells	 growing	 on	 the	 laser-
patterned	 specimens	displayed	highly	 elongated	bodies	 and	were	 aligned	with	
the	grooved	pattern.	The	advantage	of	laser	micro-patterns	over	grinding	lie	on	
the	ability	of	producing	different	periodicities	and	depths	with	a	limited	surface	
damage.	 In	 contrast,	 the	 increase	 of	 roughness	 in	 ground	 surfaces	 (i.e.	 pattern	
depth)	 is	 always	 associated	 with	 higher	 levels	 of	 surface	 damage.	 For	 these	















a	 peptidic	 biomolecule	 including	 the	 cell-adhesive	 RGD	 and	 the	 osteogenic	
DWIVA	 motives,	 aiming	 at	 investigating	 the	 combined	 effects	 and	 possible	


















As	 for	 the	 peptidic	 platform,	 improved	 cell	 attachment,	 well-developed	
cytoskeletons	 and	 larger	 cell	 area	were	 observed,	 but	 no	 effects	 regarding	 cell	
migration	were	detected.		
	





Hence,	 the	 combination	 of	 topographical	 features	 and	 the	 peptidic	 platform	
provided	a	powerful	tool	to	tune	and	enhance	cellular	responses,	which	indicate	
potential	 to	 improve	 tissue	 integration.	 As	 schematized	 in	 Figure	 34,	 while	
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A B S T R A C T
A comprehensive study of progressively ground/polished 3Y-TZP was performed with the aim of better un-
derstanding the mechanisms driving the microstructural modifications observed after such procedures, and
identifying the processing parameters leading to optimal microstructures (i.e. ageing-protective and damage-
free). Gradually ground/polished surfaces were produced, yielding four different topographies of increasing
roughness (grades 1–4) and two different textures (unidirectionally, U, and multidirectionally, M). Phase
transformation, microstructure and residual stresses were investigated by means of advanced characterization
techniques. It was found that low-roughness mildly ground/polished specimens (i.e. 2-M/U) presented a na-
nometric layer with the ageing-related protective features generally associated with coarsely ground specimens.
A lower limit for grain refinement in terms of surface abrasion was also found, in which partial recrystallization
took place (i.e. 1-M/U). A mathematical relation was established between average surface roughness (Sa),
monoclinic volume fraction (Vm) and surface compressive residual stresses, demonstrating that if the processing
parameters are controlled, both Vm and residual stresses can be predicted by the measurement of Sa.
1. Introduction
Polycrystalline tetragonal zirconia doped with 3mol.% yttria
(usually referred to as either 3Y-TZP or 3Y-ZrO2) has been widely used
as a structural ceramic due to its outstanding mechanical properties [1].
For instance, in the case of prosthodontics, several components are
produced using zirconia-based materials such as implants, abutments,
crowns, bridges and endodontic posts and cores [2–4]. During the
manufacture process, several shaping and surface finishing steps are
commonly involved, including computer-aided design/computer-aided
manufacturing (CAD/CAM) machining, drilling, cutting, grinding or
polishing. All of them are known to introduce surface defects as well as
microstructural and crystallographic changes [5–8].
Grinding processes are routinely used as finishing steps; and thus,
microstructural changes after such surface treatments have been stu-
died in detail. In this regard, a close inspection of ground specimens by
Muñoz-Tabares et al. [5] revealed three different microstructural layers
just below the surface: 1) a first zone of recrystallized nano-grains in the
range of 10–20 nm; 2) a plastically deformed zone; and 3) a layer where
abundant stress-induced tetragonal (t) to monoclinic (m) transforma-
tion (t → m) took place, generating residual compressive stresses.
As a result of its ability to generate such changes, grinding has at-
tracted researchers interest as a means of modifying surface properties.
Both mechanical behaviour [9,10] and ageing resistance [11,12] can be
modified through the introduction of compressive stresses (as well as
detrimental cracks and flaws), but also in response to the presence of
nano-grains and the reduction in domain size by ferroelastic switching
[7,13,14]. In particular, the addition of a thin layer of residual com-
pressive stresses can improve mechanical properties and is able to
stabilize the t-phase, hindering the nucleation and propagation of the
m-phase in the so-called hydrothermal degradation process [15], also
known as ageing or low-temperature degradation [16]. In this aspect,
https://doi.org/10.1016/j.jeurceramsoc.2019.10.057
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the presence of a nanograined layer on the surface has also proven to be
beneficial, displaying a protective effect due to the reduced grain size
[17,18].
As a consequence of the intense changes introduced after severe
grinding, most of the published data are related to the effects produced
by this harsh condition. However, microstructural effects obtained
using softer procedures are commonly neglected; and thus, structural
information of intermediate surface states is lost. Hence, a compre-
hensive study including milder polishing/ grinding procedures would
be of relevance, because i) the characterization of intermediate stages
can expand the current knowledge about the mechanisms driving mi-
crostructural modifications, and ii) the screening of different and pro-
gressive surface states can serve to identify and optimize the processing
parameters leading to the best microstructured surfaces (i.e. in terms of
ageing resistance and surface damage).
Within this context, in the present work a comprehensive char-
acterization study was carried out, including surface conditions that
range from mirror-like polished to coarsely ground. Special emphasis
was put on intermediate conditions, with the main goal of studying the
changes and evolution from a free of defects bulk-like material into a
severely affected surface, in terms of microstructure, phase transfor-
mation and residual stresses.
2. Experimental procedure
2.1. Specimen preparation
Specimens were produced from zirconia powders stabilized with
3mol.% yttria (TZ-3YSB-E, Tosoh, Japan). The powders were shaped by
uniaxial pressing at 50MPa, followed by cold isostatic pressing at
288MPa. The green bodies were then sintered in air at 1450 °C for two
hours with heating and cooling rates of 3 °C/min (LHT 02/17,
Nabertherm). By this method, 15mm diameter disc-shaped specimens
were obtained. In order to characterize the starting material, specimens
were mirror-like polished and grain size, density, hardness and in-
dentation fracture toughness were measured. Grain size was evaluated
by thermally etching the samples, and subsequent examination of them
by Field Emission Scanning Electron Microscopy (FESEM, Carl Zeiss
Neon 40). Five images per sample in three different specimens were
taken in order to have statistical significance and the linear interception
method was used. Density was characterized by the Archimedes method
in distilled water. Finally, hardness was obtained from 1 kgf Vickers
indentations and fracture toughness was calculated with the method
proposed by Niihara et al. [19] using 30 kgf indentations. Four in-
dentations per specimen in three different specimens were used for both
measurements. The properties of the starting material are summarized
in Table 1.
2.2. Superficial modification: grinding/polishing treatments
Different surface finish conditions were obtained by polishing the
samples in a Buehler Ecomet4 automatic polishing machine, coupled
with an Automet2 power head. Four different roughness grades and two
different patterns were produced: multidirectional (M) and unidirec-
tional (U) grooves. Besides, one mirror-like polished specimen (MP)
was used as a reference. Table 2 shows the codes for the different
specimens tested as well as the different parameters employed to
superficially modify each sample.
2.3. Surface characterization
Surface roughness of the obtained topographies was measured by
white light interferometry (WLI, Veeco Wyko 9300 N T). FESEM was
employed in order to observe general appearance, topographical fea-
tures and surface damage right after treatment. Aiming to get detailed
information of the sub-surface, cross-sections were prepared by means
of Focused Ion Beam (FIB, Carl Zeiss Neon 40) using a Ga+ source. Prior
to FIB milling, a protective thin platinum layer was deposited on the
region of interest. Current as well as acceleration voltage were con-
tinuously decreased down to a final polishing stage at 500 pA and
30 kV.
Crystalline phases were determined by X-Ray Diffraction (XRD) and
confocal micro-Raman Spectroscopy. XRD (D8-Advance, Bruker) was
carried on both Bragg-Brentano symmetric geometry configuration (kα-
1 Johansson Typ monochromator in the primary side, parallel plate
collimator with a LynxEye detector in the secondary side) and grazing
incidence angle at ω=1° (Goebel mirror in the primary side, parallel
plate collimator with scintillation detector in the secondary side). The
analysis was performed from 26°≤2θ≤37° on a diffractometer using
Cu Kα radiation (40 kV and 40mA) with 0.02° step size and 1 s/step. For
Bragg-Brentano symmetric configuration the penetration depth of the
incident X-rays (i.e. the thickness of the sample, where 90% of the in-
formation recorded in a diffractogram is gathered) at 2θ=30° is
around 5 μm according to the Lambert-Beer’s law, while on the grazing
incidence angle experiment it is reduced to around 300 nm. The volume
fraction of the monoclinic phase (Vm) was calculated with the equation
proposed by Toraya et al. [20], as follows:
= ++ +V I II I I1.311[ (1̄11) (111)]1.311[ (1̄11) (111)] (101)m m mm m t (1)
where Im and It correspond to the intensities of the monoclinic and
tetragonal peaks, respectively.
In-depth m-phase distribution was characterized with confocal
micro-Raman spectroscopy (inVia Qontor, Renishaw) with a Nd:YAG
laser (wavelength 532 nm, integration time 0.1 s). Phase maps under
the surface were obtained. To do that the discs were cut in half, as
depicted in Fig. 7e, and the cross-sections were mirror-like polished.
Volume fraction of m-phase was quantified by using the equation pro-
posed by Katagiri et al. [21]:
= ++ +V I II I I2.2m m mt m m181 190147 181 190 (2)
where Im and It correspond to the integrated intensities of the mono-
clinic and tetragonal bands, respectively. Numbers indicate Raman shift
in cm−1.
In order to reveal the microstructure and be able to study the sur-
face recrystallization effect, some specimens were thermally etched
(1100 °C for 1 h, with heating and cooling rates of 12 °C/min) and
subsequently observed by FESEM.
Surface residual stresses were calculated with the sin2ψ method by
XRD analysis (Empyrean, PANalytical) using Cu Kα radiation (40 kV
and 40mA). An X-ray lens with cross aperture (primary side) and
parallel plate collimator with 0D proportional counter detector (sec-
ondary side) were employed. The tetragonal (101)t peak found at
2θ=30.2° was used for the stress calculations, at Chi angles from -60°
to +60° in 13 steps. The use of a peak at low 2θ was necessary to obtain
an X-Ray penetration depth similar to the thickness of the stressed
layer. The loss of sensitivity at small 2θ angles was reduced by using
parallel plate collimators on the secondary side [22]. As the stress
measurements performed in the (101)t may be influenced by sur-
rounding peaks, such as the (111)r, some of the spectra were decon-
voluted with the PANalytical HighScore Plus software, in order to
Table 1
Summary of the main microstructural and mechanical properties of the starting
3Y-TZP material.
Grain size (μm) 0.32 ± 0.12
Density (g·cm−3) 6.08 ± 0.01
Hardness (GPa) 13.46 ± 0.34
Indentation fracture toughness (MPa·√m) 5.09 ± 0.02





obtain more accurate values. Given the high amount of recorded
spectra, this methodology was only performed in selected samples. In
order to characterize the anisotropy of the stress state, measurements
were done along three different directions on the surface (Φ=0°, 45°
and 90°). For samples with unidirectional scratches, Φ=0° and
Φ=90° correspond to a direction parallel and perpendicular to the
grooves, respectively. For samples with multidirectional grooves, the
angles were chosen arbitrarily. Stress analysis was performed by using
the PANalytical X’Pert Stress plus software. The X-ray elastic constants
(XECs) used for such calculations were S1 = -1.58 TPa−1 and
S12 2 =6.50 TPa
−1 [23].
A piezo-spectroscopic technique was also employed in order to
obtain cross-sectional macro-stress maps of the t-phase. This technique
has already been used by other authors for the assessment of stresses in
zirconia-based materials [24–26]. Stresses can change the frequency of
vibrational modes and induce shifts in Raman bands. These Raman
shifts can be related to hydrostatic stress through the following equa-
tion:= ⟨ ⟩ω∆ 3Π σt t (3)
where ω∆ is the Raman band shift in −cm 1, ⟨ ⟩σ t is the average hydro-
static stress in the tetragonal phase in GPa and Πt is the uniaxial piezo-
spectroscopic coefficient for the chosen tetragonal band in −cm / GPa1 .
In order to know the piezo-spectroscopic coefficient, a calibration
process is necessary. In this work, piezo-spectroscopic coefficients de-
termined by Pezzotti and Porporati in 3Y-TZP have been used [25] for
the t band found around 146 −cm 1. Raman band positions were ob-
tained by fitting the data to Gaussian curves with commercially avail-
able software (WiRE 4.4, Renishaw). Residual stresses were calculated
from the spectroscopic data obtained in cross-sections.
3. Results and discussion
The overlapping of individual abrasions during grinding/polishing
procedures, progressively eroded the surface resulting in a character-
istic grooved topography. Fig. 1 shows the FESEM micrographs of the
studied surfaces after grinding/polishing. The average surface rough-
ness (Sa) obtained by WLI is summarized at the top and the bottom of
the micrographs for the M and U specimens, respectively. A clear linear
pattern is observed in all the images. By choosing the adequate abrasive
and polishing dynamics, the obtained topographical features were fi-
nely tailored, including different surface roughness and patterning
texture. While M conditions presented multidirectionally oriented
scratches, U conditions were constituted by almost parallel grooves.
From 1 to 4, an increase in roughness with deeper valleys and higher
peaks was noticed, in accordance with the use of rougher abrasive
particles. Likewise, for the roughest condition, more evident and ex-
tended signs of damage were present. For conditions 1 to 3, the lack of
visible surface cracks, smooth and homogeneous tracks without chip-
ping, and the presence of serrated and irregular edges, which indicated
that extruded material at the sides of the grooves (ploughing) had been
detached, pointed out to ductile material removal mechanisms. At
sufficiently low cutting depths, plastic flow is more energetically fa-
vourable than brittle fracture, and is the responsible for material re-
moval even in intrinsically fragile materials [27]. Hence, a surface free
of defects from brittle fracture events was obtained. Despite brittle re-
gime was not reached in any of the studied specimens, in the case of the
rougher structures (i.e. 4-M/U) additional damage mechanisms (e.g.
flaking, material detachment and micro-cracks) were activated, as de-
picted in Fig. 2. On such specimens, due to the higher friction between
the abrading particles and the surface, extensive damage in the form of
micro-cracking was observed along some of the grooves. Fig. 2 presents
a magnified FESEM micrograph showing this kind of surface defects,
related to ductile flaking [28]. This created a track of aligned semi-
circular flakes, such as the ones observed in Fig. 2a. Material detach-
ment also occurred in some of the most damaged grooves, revealing the
sub-surface grainy microstructure (Fig. 2b, zones marked as A, B, C and
D).
The effects of abrasion in such procedures are not only limited to
topographical modifications and surface damage, but are also able to
introduce crystalline phase transformations, lattice distortions and
texture [5]. As shown in Fig. 3a, where the results of XRD experiments
in Bragg-Brentano symmetric geometry are displayed, several crystal-
lographic changes were identified after modifying the surface. While
MP and 1-M spectra overlapped almost entirely, 2-M, 3-M and 4-M
presented important alterations, progressively intensified with the se-
verity of the applied abrasion. As the diamond particles erode the
material, the accompanying shearing and tensile stresses in the sub-
surface destabilize the metastable t phase, which undergoes a marten-
sitic transformation into m one [29]. Accordingly, the most evident
change in spectra after grinding was the increase in the content of m-
phase at the surface, as shown in Figs. 3b and d, which increased almost
linearly to a maximum of Vm = 7% in 4-M. Furthermore, in the left side
of the (101)t a tail was observed, increasing in intensity from 2-M to 4-
M. This peak was first proposed to be associated with a rhombohedral
phase (r-phase) [30], arising from the transformation of cubic grains (c
→ r) under high stresses, or from the transformation of the tetragonal
phase (t → r), as suggested by other authors [31,32]. It has also been
associated with lattice distortions produced after grinding [33].
One of the known mechanisms of zirconia to accommodate stresses
Table 2
Summary of the codes and grinding/polishing parameters of the superficially modified specimens.







is the ferroelastic switching of domains [7,13]. Under high biaxial
stresses such as the ones produced during grinding, the c-axis of the t
phase reorients perpendicularly to the surface [5,34,35]. This domain
reorientation promotes the onset of texture (i.e. a preferential crystal-
lographic orientation), as revealed by the changes of the (002)t / (200)t
intensity relation [7]. Figs. 3c and 3e display the relation between these
two peaks, showing that similarly to the increase in m-phase, as the
abrasion gets more severe, an increase in texture is noticed. Regarding
surface directionality, M and U specimens showed no significant dif-
ferences (results not shown) and hence just diffractograms for the M
specimens are presented.
The high strain introduced after surface mechanical treatments can
produce changes in microstructure, which are able to affect material’s
properties such as the hydrothermal degradation behaviour [17]. As
shown in Fig. 4a, three distinctive microstructural regions were ob-
served under the surface of 3Y-TZP after grinding (labelled as regions 1,
2 and 3), in a 4-M cross-sectioned specimen. These microstructural
features are in agreement with previous studies [6,35] and are de-
scribed in detail by Muñoz-Tabares et al. [5]. As reported in [5], in-situ
recrystallization occurs in the first nanometres (in a layer of about
300 nm), where a refined microstructure is observed. Due to the high
strain, progressive misorientation of dislocation cells lead to the for-
mation of new nano-sized grains, in the range of 10–20 nm (region 1).
Below (region 2), plastically deformed grains in a direction parallel to
the surface are observed, followed by a third layer of bulk-like grains in
which monoclinic laths are identified (region 3). Two monoclinic laths
found in this region are shown in the inset of Fig. 4a. It should be noted
that, in the present work, shallow micro-cracks extending parallel to the
surface were observed in the first region, linked to the flakes observed
in Fig. 2. The steep difference in properties between the nano-sized and
the plastically deformed layer and the fact that flaking is intrinsically
parallel to the surface, may avoid its propagation to deeper regions.
Although microstructure after grinding and other procedures in-
volving intense abrasion have been thoroughly studied [5,6,8,35,36]
changes after mild procedures such as polishing are quite unknown.
Fig. 4b shows the microstructure of 2-M specimens, polished with a
30 μm diamond slurry, as detailed in Table 2. Less intense micro-
structural modifications were present in this case, and just two defined
zones were observed: a very shallow first layer of nano-sized grains,
with a thickness smaller than 100 nm; and a second layer of bulk-like
Fig. 1. FESEM micrographs of the different
topographies obtained. Multidirectional (M)
patterns are displayed in the first row, while
unidirectional (U) patterns are presented in the
second. From left to right, increasing levels of
roughness, 1–4 (more information available in
Table 2). On the top and bottom, average sur-
face roughness (Sa) in nm is available for the M
and U patterns, respectively.
Fig. 2. Different modes of surface damage for the specimens 4-M/U. a) Flakes left by a particle sliding from left to right in 4-M. Dotted lines delimit the edge of the
groove and b) damage in 4-U. The dotted square outlines an area with flaking. Labels A, B, C and D identify zones with material detachment.
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material where no deformed grains and no monoclinic twins were ob-
served. As illustrated in Fig. 4c, a magnification of the first micron
under the surface presented no signs of plastically deformed grains with
a sudden transition between an extremely shallow refined layer and the
bulk-like material.
A nano-sized grain layer, as the ones observed in Fig. 4, can suc-
cessfully protect zirconia-based materials from ageing [17]. Grinding
has been used for such purpose [11], but for many applications surface
roughness or micro-damage produced after these treatments may not be
acceptable. The present results evidence that softer procedures, leading
to lower levels of surface damage and roughness, may also introduce
some of the protective features generally associated with coarsely
ground zirconia.
In order to have a better insight about grain refinement, M speci-
mens were thermally etched. Thermal etching is carried out in polished
surfaces and involves a mass transport away from grain boundaries, so
that grooves develop and boundaries become visible [37]. Fig. 5 shows
the surface microstructure after thermally etching the specimens at
1100 °C for 1 h. MP specimen presented a grain size distribution around
300 nm, in agreement with values reported by other authors working
with similar conditions (Fig. 5a) [5,38]. Instead, 2-M, 3-M and 4-M
(Figs. 5c, d and e), displayed a layer of recrystallized nano-grains
covering the surface, in accordance with the presence of a superficial
nano-sized grain layer (Fig. 4). As reported by other authors after high
resolution TEM observations, the dynamically recrystallized grains
present a size in the order of 20 nm [5], but grow during the annealing
process depending on the chosen etching temperature [35]. In the case
of 1-M (Fig. 5b), however, an intermediate behaviour was observed,
with a combination of both bulk-like and nano-sized grains. As shown
in the magnification of Fig. 5f, the surface presented a bimodal dis-
tribution with large grains in the order of 300–400 nm (left side of the
micrograph) and small ones below 100 nm (right side of the micro-
graph). Accordingly, the surface of 1-M seemed to be in the limit of
strain required for nano-structuring, with just some of the grains ac-
cumulating enough strain to fully recrystallize. The experiments carried
out suggest that under the used conditions (i.e. load, speed, polishing
equipment, etc.) a polishing procedure providing a surface roughness as
low as Sa= 16 ± 1 nm is able to initiate the recrystallization process,
highlighting the extreme sensitivity of 3Y-TZP to be surface modified.
As it has been shown by different techniques (e.g. XRD, FESEM and
FIB/FESEM), important structural changes occurred on the very first
nm of the surface upon grinding. Due to the reduced thickness of the
affected layer, the evaluation of crystalline phases on an even smaller
scale seems necessary. For such purpose, XRD in grazing incidence of 1°
was performed in a superficial layer of around 300 nm. Results for M
specimens are displayed in Fig. 6a. If compared to Fig. 3, MP and 1-M
spectra were still similar to each other, although in this case both of
them showed a slight hump on the left side of (101)t, a little amount of
m-phase (Fig. 6b), as well as higher (002)t/(200)t ratio (Fig. 6c). For the
rest of specimens, a significant increase in m phase and texture was
appreciated. For these conditions, 2-M, 3-M and 4-M, (101)t was shifted
around 0.5° to lower angles, giving way either to the (111)r, or to a peak
produced by the distortion of the tetragonal lattice [33]. Content of m-
Fig. 3. Results of the XRD experiments in Bragg-Brentano symmetric geometry, n= 3. a) XRD spectra of representative specimens, b) and c) magnifications of the
(1̄11)m peak and the (002)t /(200)t tetragonal doublet, respectively. d) m-phase volume fraction. Dashed area corresponds to the detection limit of the technique,
Vm=1%. e) (002)t /(200)t intensity relation.
Fig. 4. Sub-superficial microstructure of a) 4-M and b) 2-M specimen. c)
Magnification of a region in 2-M. Dashed lines in a) and b) delimit the different
regions. Inset in a) identify two monoclinic laths (see white arrows). Note that a
very shallow layer of nano-grains is discerned in c), without any sign of plastic
deformation.
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Fig. 5. FESEM micrographs of the thermally etched specimens. a) MP b) 1-M c) 2-M d) 3-M e) 4-M, f) magnification of 1-M. Micrographs show: a) bulk-like sized
grains. c), d) and e) surface covered by recrystallized nano-grains. b) Intermediate behaviour with both bulk-like and nano-sized grains.
Fig. 6. Results of the XRD experiments in grazing incidence at 1°, n= 3. a) XRD spectra of representative specimens, b) and c) magnifications of the (1̄11)m peak and
the (002)t /(200)t tetragonal doublet, respectively. d) m-phase volume fraction and e) (002)t /(200)t intensity relation.
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phase is plotted in Fig. 6d, while the (002)t /(200)t intensity relation is
presented in Fig. 6e. It can be observed that the trend followed in
Figs. 3d and e for symmetric Bragg-Brentano geometry is not seen in
this case. There is a large gap from MP and 1-M specimens to 2-M,
which presented the highest amounts of m-phase and texture, even
higher than in specimens 3-M and 4-M. These results suggest that 2-M
mildly polished specimens present a shallow layer of very high m
content and texture. Similar results have been obtained by other au-
thors [39], although they attributed this behaviour to measurement
errors due to surface roughness. In this configuration, X-Ray penetra-
tion depth is similar to the height of surface roughness, leading to in-
creased scattering and reduced signal intensity. Whether this is the
reason for the observed trend, it is difficult to know. Although the
standard deviation of results is low, the fact that measurements were
done in specimens with high gradients in depth [5], combined with the
important differences in surface roughness, make it difficult to establish
trustworthy comparisons. In addition, the equation proposed by Toraya
et al. [20] for m-phase quantification does not include the particular
case in which r-phase is present. For this reason, especially in the case
of grazing incidence measurements where very high amounts of r-phase
are identified, additional care should be taken on quantitative inter-
pretation of the results. What is clear is that on the very first nano-
metres of material, even softly polished specimens such as 2-M present
a highly affected microstructure with both refined grains and sig-
nificant amounts of texture and phase transformation. In the particular
case of 1-M, although microstructural differences respect to MP were
identified after thermal etching (e.g. partial recrystallization), XRD
spectra did not show significant differences.
As a result of its relation to surface properties, much importance has
been given in this and other works to the presence of m-phase on the
surface [40,41]. If too high m amounts are generated during surface
treatments, both mechanical properties and ageing resistance can be
detrimentally affected. However, if the m content is sufficiently low, its
effects can turn beneficial. The t → m martensitic transformation is
accompanied by a 4% volume expansion in the unit cell, creating a
layer of compressive stresses on the surface. These residual stresses can
improve mechanical properties [9] and provide a better resistance to
degradation [15]. In order to further study the extent of phase trans-
formation in the treated specimens, samples were cross-sectioned (see
scheme in Fig. 7e) and studied by confocal micro-Raman spectroscopy.
This technique allows to quantitatively assess both crystalline phases
[41] and residual stresses [25]. Fig. 7a to c show the in-depth dis-
tribution of the m-phase of specimens 4-M, 3-M and 2-M, respectively.
Fig. 7d displays the obtained stress distribution in 4-M. Figs. 7a and d
evidence the close relation between m-phase and residual stresses,
presenting an overlap of their profiles in both location and magnitude.
Phase transformation is maximum on the surface and decreases with
depth [40].
As expected, in our study transformation depths and monoclinic
content increased with the severity of the applied treatment. While in 4-
M phase transformation reached a depth of 5 μm, in the case of 3-M
such transformation was not produced beyond 3 μm. In addition, a
wavy pattern was observed in 4-M, with higher transformation depths
below the largest grooves. No transformation was observed in 2-M,
although XRD clearly showed the presence of m-phase. As the samples
were embedded in bakelite for edge retention, the spectra obtained in
the first one or two microns was significantly affected by bakelite’s
background and the rounding effect, which may had hidden the pre-
sence of very shallow layers of m-phase. Regarding residual stresses in
4-M, following phase transformation, they extended below the surface
until a depth of approximately 5 μm, decreasing progressively and
reaching a maximum value of around −700MPa in the areas where
maximum m-phase was found. All the stresses were of compressive
nature, except for a small region in which tensile stresses were identi-
fied. Tensile stresses below the compressed zone are commonly re-
ported [42] and necessary in terms of force equilibrium.
Finally, to characterize the surface stress state in all the specimens,
X-ray stress analysis was carried. Fig. 8 summarizes the results
Fig. 7. Results of the cross-sectional confocal micro-Raman spectroscopy measurements. a) to c) m-phase distribution in cross-sections 4-M, 3-M and 2-M, respec-
tively. d) Residual stress profile of the t-phase in 4-M and e) diagram showing the measured regions. Note that black areas correspond to bakelite, while dark blue
areas correspond to the bulk non-transformed material. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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obtained. MP sample revealed a slight compressive isotropic stress state
of around −70MPa (results not shown). For the rest of the conditions,
intensity of residual stresses gradually increased with the use of coarser
abrasives (i.e. as the total monoclinic content of the surface increased),
reaching a value of around -1.4 GPa in the roughest samples. Although
in all the cases the nature of the stresses was compressive, a clear dif-
ference between M and U was observed. In the first case, the stress state
was identical regardless of the measured direction. For U, however,
significantly lower stresses were present along the grinding direction,
leaving the surface under an anisotropic stress state. This behaviour has
been already observed in other ceramics, including zirconia [43–45]. As
discussed by Wobker and Tönshoff [46], it may be explained by the
largest plastic deformation perpendicularly to the grinding direction.
Measurements performed with deconvoluted spectra displayed slightly
lower stress values (see red values), although the trend was identical
regardless of how data was treated, as shown in Fig. 8.
Easily unnoticed, the magnitude of stresses in specimens polished
with diamond slurries could be higher than initially expected. For in-
stance, residual stresses in 2-M specimens were around three times
lower than in the roughest grade used (i.e. 4-M/U). However, the
monoclinic layer directly responsible for generating these stresses was
also more than three times thinner. Taking into account the thickness in
which values are averaged by X-rays, this suggests that the residual
stress state in the very first layer of material in 2-M/U (i.e. the first
micron) could be comparable to the one in 4-M/U, which agrees with
the high m content found in grazing incidence angle XRD (Fig. 6).
Another important feature is that the stress values found in 4-M are
higher than the ones calculated by using Raman spectroscopy (Fig. 7). A
possible explanation lies on the fact that, in the latter case, the polished
cross-section is a free surface and stresses may be partly released. This
in turn may affect the validity of the hypothesis used for the Raman
stress calculation (i.e. hydrostatic stress state). Such differences high-
light that although accurate stress profiles are obtained by using Raman
piezo-spectroscopic techniques (as demonstrated by the m-phase/stress
maps full overlapping), stress calculation may need additional con-
siderations, especially in the case of cross-sectioned specimens. Thus, in
this case, reference values for surface stresses should be the ones de-
termined by XRD.
The sliding contact between diamond particles and the surface di-
rectly translates into a topographical modification. As shown, not only
surface topography is altered, but also the t → m transformation is
activated, which in turn generates a compressed superficial layer. As a
consequence, a certain degree of correlation is expected not only be-
tween residual stresses and content of m–phase, but also with surface
roughness. Fig. 9 displays the relation between residual stresses,
surface’s monoclinic volume fraction (Vm) and average surface rough-
ness (Sa) for the M conditions. As it can be observed, stresses and sur-
face Vm display a clear linear relationship. As higher m-phase is pro-
duced, higher compressive residual stresses are present on the surface.
Furthermore, under the used conditions (i.e. in terms of load, coolant
use, polishing/grinding products used, etc.) both compressive residual
stresses and Vm can be predicted with the Sa. In other words, if all the
processing parameters are controlled, a simple predictive model can be
obtained, in which a measure of surface roughness (either by WLI or
surface profilometry) can be used to estimate both Vm and the residual
stress state.
Grinding has been extensively used in the literature to improve
ageing resistance on zirconia-based materials. However, heavily ground
samples may display worsened mechanical behaviour due to surface
damage. To the best of our knowledge, here it is shown for the first time
that polished specimens with low surface roughness and no damage are
capable of also presenting protective features generally associated with
ground specimens. For mildly polished samples, the affected region is
reduced to a nanometric layer, in contrast to ground specimens, in
which such region extends to the micrometric length scale. Surface
recrystallization together with a significant m–phase content and tex-
ture in the first nanometres under the surface were found. The speci-
mens produced and characterized in this work provide an overview of
the relation between surface finishing (i.e. surface roughness) and its
associated microstructural features. In this sense, if the processing
parameters are controlled, it is possible to find simple mathematical
equations relating surface roughness, monoclinic content and residual
stresses. The high sensitivity to surface treatments displayed by 3Y-TZP
even after mild procedures show that slight changes in processing
parameters can have a significant influence in the final properties of the
very first layer of material, with particular relevance in applications
were a high control of the surface is needed.
4. Conclusions
A range of surfaces gradually ground/polished by increasing abra-
sion severity have been studied. The following conclusions may be
drawn:
- Increasing the abrasion severity produces a higher total content of
m-phase and transformation depths, which correlates with higher
compressive residual stresses. Unidirectionally ground specimens
present an anisotropic stress state.
- Polishing with diamond slurries (i.e. 2-M/U) generates a two-layer
microstructure, with an extremely shallow (< 100 nm) refined layer
Fig. 8. Residual stresses distribution in the t-phase measured by X-ray stress analysis. n= 1 a) M samples. b) U samples. Numbers in red correspond to the stress
values obtained after peak deconvolution. The arrow in b) points to the grinding direction. For each specimen, measurements along three different directions are
shown: at 0°, 45° and 90°. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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followed by bulk-like material. Very importantly, in these specimens
no surface damage is detected and XRD analysis of the very near
surface (i.e. a layer< 300 nm) reveals high amounts of m-phase and
texture (in a similar range to coarsely ground samples). This is dif-
ferent from the changes observed after coarse grinding: a three-layer
microstructure with evident signs of surface damage.
- Surface recrystallization occurs in a wide range of ground/polished
surfaces, even after relatively soft procedures. The transition from
bulk-like to recrystallized surfaces have been identified in polished
surfaces with a roughness as low as Sa = 16 ± 1 nm, in which
partial recrystallization is observed.
- Under controlled processing parameters, a simple mathematical
relation can be obtained relating average surface roughness, m
content and residual stresses.
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A B S T R A C T
The changes in mechanical properties, hydrothermal degradation and cell adhesion were studied in 3Y-TZP
under two different superficial modification patterns (uni- and multidirectional) with a surface roughness ran-
ging from 16 to 603 nm. In this sense, mechanical properties (i.e. hardness, indentation fracture toughness and
scratch) and accelerated tests in water steam were measured to evaluate the influence of the surface treatments
on the superficially modified layer. Moreover, a detailed characterization through micro-Raman spectroscopy
and X-Ray diffraction was performed. Finally, SaOS-2 osteoblasts were used for the evaluation of the cell ad-
hesion behaviour on the surfaces. Overall, ground/polished specimens increased the mechanical properties and
ageing resistance of mirror-like polished specimens, although resistance to degradation was maximum at in-
termediate conditions (Sa≈ 40−180 nm). The studied surfaces allowed cell attachment, but promoted contact
guidance (i.e. cell alignment) only on unidirectionally ground surfaces above Sa = 150 nm.
1. Introduction
Zirconia-based materials have gained increasing attention during the
last years in restorative dentistry, and are now used to produce several
prosthetic elements, such as crowns, bridges, endodontic posts and cores,
abutments and dental implants [1,2]. Among the different zirconia com-
positions available, yttria-doped zirconia (Y-TZP) is still the most com-
monly used solution, although other compositions such as ceria-doped or
zirconia-alumina composites are also employed in order to improve zir-
conia’s ageing resistance [1–5] (also known as hydrothermal degradation
or low-temperature degradation [6]), at the expense of certain mechanical
properties [7,8]. The superior properties of zirconia, which include high
strength, toughness, hardness and wear resistance; and especially its
whitish colour resembling natural teeth, have been decisive for the de-
velopment of new advanced ceramic solutions in dentistry [9].
Due to the harsh environment of the oral cavity, dental materials
present many challenges from the mechanical [10] and chemical [11]
point of view. On the one hand, cyclic contact loads from chewing as
well as sliding loads from food and teeth abrasion can introduce flaws
on the surface, which may compromise the long-term reliability of the
prosthesis. On the other hand, after long periods in contact with
moisture, yttria-stabilized zirconia may be affected by hydrothermal
degradation [12,13]. When kept for a long time in a humid environ-
ment, a martensitic phase transformation from the metastable tetra-
gonal (t) phase to the monoclinic (m) one takes place spontaneously on
the surface. This transformation is associated with an m-volume ex-
pansion of around 4 % that generates micro-cracks through which
water can penetrate into the material and further degrade it until the
final failure. However, many restorative elements (e.g. dental implants)
should not only preserve its structural integrity for several years, but
also display a proper biological interaction [14] both in the short and
long term. In the particular case of dental implants, the surface plays a
key role, interacting with bone and guiding the biological response
towards a proper osseointegration and mechanical stability.
Since it is indeed the surface that provides the features that will
largely decide the success of an implant, the ability of modifying and
fine-tuning its properties has been a subject of study. Extensive research
has been carried out to investigate the changes in microstructure,
https://doi.org/10.1016/j.jeurceramsoc.2020.03.049
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mechanical properties and/or hydrothermal degradation of Y-TZP
materials after surface treatments such as sandblasting [15,16],
grinding [17–19], chemical etching [20,21] or laser patterning [22,23].
As a surface-modifying technique, grinding/polishing is known to af-
fect the properties of Y-TZP. Several changes are introduced on the surface
and subsurface depending on the severity of the treatment such as in-
creased roughness, microstructural modifications, residual stresses, cracks,
etc. as detailed by Muñoz-Tabares et al. [17]. The consequences of such
changes inevitably leave their imprint on the material’s properties, mainly
in terms of mechanical and hydrothermal degradation behaviour. In the
first case, the layer of residual compressive stresses originating from the
expansive stress-induced t → m transformation enhances the mechanical
properties of the surface, as long as the introduced damage is controlled
[15,17,24–27] In the second case, hydrothermal degradation can be de-
layed by certain microstructural features associated with grinding proce-
dures [18,28–30] such as the reduction in grain size in the dynamically
recrystallized surface [31], the t-phase stabilizing effect of the residual
compressive layer [32,33], and the reduction in domain size by ferroe-
lastic switching, as shown by Jue et al. [34].
On the other hand, the changes in surface topography introduced by
such procedures may be used as a tool to improve biological response.
In this regard, grinding as well as sandblasting and chemical etching
have been used, mostly in titanium surfaces, as a means to improve
osseointegration [35,36]. Both eukaryotic and prokaryotic cells can be
affected by the topographical cues of the substrate in which they are
adhered [37,38]. In particular, osseointegration of biomedical implants
can be enhanced by increasing surface roughness, both in the macro-
scale because of a better bone-surface interlocking [39,40], and in the
micro- and nano- scale because of the beneficial influence of roughness
in osteoblasts activity [41–43], displaying higher levels of adhesion and
extracellular matrix deposition [44].
Although the individual mechanisms able to affect surface properties
after grinding are known, predicting the outcome of their combined ef-
fects after a specific treatment is still challenging. Most of the available
studies are based on the comparison of a few grinding treatments, relying
solely on the m-phase content to explain the observed differences,
without providing a detailed characterization of the surface. As a result,
different studies report contradictory outcomes from apparently similar
treatments, as it is the unique combination in terms of microstructure,
surface defects and residual stresses after each treatment what dictates
the final properties of the material. Therefore, it is of paramount im-
portance to study how increasingly severe treatments affect surface
properties, and to relate such properties with the microstructural features
of the surface. This will allow: i) to understand and rationalize differ-
ences found among conflicting studies, and ii) to gather the necessary
knowledge in order to smartly design surface microstructure and obtain
materials with the desired mechanical, ageing and cell instructive
properties. For this reason, in the present work a series of gradually
ground/polished 3Y-TZP surfaces were prepared. The chosen material
resembled low-translucency 3Y-TZP, mainly employed in veneered re-
storations as well as dental implants and abutments. Mechanical prop-
erties, ageing resistance and cell adhesion performance were studied and
related to the particular features of each surface [45]. Within this con-
text, the hypotheses under examination are:
- Grinding/polishing are able to modify surface properties.
- Different abrasion degrees can lead to different surface properties.
- The increase in surface properties is not necessarily in direct cor-
relation with the abrasion severity employed.
2. Experimental procedure
2.1. Sample preparation
Specimens were produced from zirconia powders stabilized with 3
mol% yttria (TZ-3YSB-E, Tosoh). Powders were cold isostatically
pressed at 288 MPa and sintered at 1450 °C for 2 h, with constant
heating and cooling rates of 3 °C/min. Disc-shaped specimens of 15 mm
diameter and 2 mm thickness were obtained by this procedure. Grain
size determined by the linear interception method was found to be
0.32±0.12 μm and density was above 99 % of the theoretical one.
2.2. Grinding/Polishing treatments
Specimens were gradually ground/polished (Ecomet4, Buehler) in
order to obtain progressive levels of surface roughness and abrasion
severity. Four different roughness grades (1–4) and two different di-
rectionalities were obtained: aligned (unidirectional, U) and random
grooves (multidirectional, M). A mirror-like polished surface (labelled
as MP) was also included in all the experiments as a reference. Further
details about the procedure and the codes used to identify the speci-
mens can be found in [45]. The main microstructural and crystal-
lographic features, residual stresses and surface damage of the studied
specimens are summarized in Table 1 [45].
2.3. Surface characterization
Roughness parameters were obtained by White Light Interferometry
(WLI, Wyko 9300 N T, Veeco). Measurements were performed in re-
gions of 150μm × 150 μm by stitching four images taken at a magni-
fication of 50×. Surface parameters were obtained with the Veeco’s
Vision® software. Tilt was corrected and a filter was used in the flattest
conditions in order to separate roughness from waviness. For this
purpose, a Robust Gaussian short wavelength pass filter with a spatial
cut-off at 0.01 mm was selected. A description of the roughness para-
meters studied in this work can be found in Refs. [46–48].
Wettability of the surfaces was determined by static contact angle
(CA, OCA15 Plus, Dataphysics) with the sessile drop method [49].
Measurements were done at room temperature with ultrapure Milli-Q
water (3 μL drop volume) and contact angle determined by Laplace-
Young fitting with SCA 20® software (Dataphysics).
For both WLI and CA, values shown are the mean of three different
measurements in three different specimens.
2.4. Mechanical characterization
In order to determine the Vickers hardness (HV) and indentation
fracture toughness (KIc), four indentations per specimen in three dif-
ferent samples were made on the surfaces, at 10 kgf and 30 kgf. 10 kgf
indentations were used for Vickers hardness calculations, while the
cracks originated at the corners of 30 kgf indentations were measured
to calculate apparent indentation fracture toughness with the equation
proposed by Niihara et al. [50]. The orientation of indentations was
arbitrary, regardless of the groove’s direction. However, to determine
the presence of anisotropic properties after grinding, 30 kgf indenta-
tions were performed again in 4-U samples, in order to induce cracks
running parallel or perpendicular to the grooves. Indentation size and
crack length were determined by Field Emission Scanning Electron
Microscopy (FESEM, Carl Zeiss Neon 40) imaging.
Scratch tests [51] were carried out on a CMS Revetest using a
Rockwell C diamond tip (200 μm radius), increasing the load linearly
from 0 N to 200 N, with a scratch length of 5 mm and an advancing
speed of 1 mm/min. Three scratches were done per specimen, with one
specimen per condition. After the tests, specimens were observed under
FESEM. Some of the specimens were also cut transverse to the scrat-
ches, near the end of the tracks, in order to observe the sub-superficial
damage induced at one particular load. The cross-sections were po-
lished and observed with a Confocal Laser Scanning Microscope (CLSM,
Lext OLS3100 Olympus).





Accelerated degradation tests in water steam were performed at 134
°C and 2 bars of pressure (Micro8, Selecta) [52]. Monoclinic phase (m-
phase) was quantified by X-Ray Diffraction (XRD, D8-Advance, Bruker)
in Bragg-Brentano symmetric geometry using Cu Kα radiation (40 kV and
40 mA) with 0.02° step size, 1 s/step and a 2θ range of 26°≤2θ≤37°. In
order to study t→ m transformation kinetics, XRD spectra were collected
at different degradation times (at 0, 2.5, 5, 10, 15, 20, 30, 40 and 50 h).
Monoclinic content was calculated with the equation proposed by Toraya
et al. [53]. For each condition and time point, the monoclinic fraction of
three different specimens was averaged.
Samples degraded for 50 h, which correspond to the last time point
used, were cut and the cross-section was mirror-polished. CLSM was
employed to observe the extent of the transformed layer. m-phase maps
in the cross-sections were also obtained using Confocal micro-Raman
spectroscopy (Cm-RS, inVia Qontor, Renishaw) with a Nd:YAG laser
(wavelength 532 nm, integration time 0.1 s). m-phase was quantified by
using the equation proposed by Katagiri et al. [54].
2.6. Cell adhesion study
Human sarcoma osteogenic (SaOS-2) cells (ATCC) at passage 15–17
were cultured in Mc Coy’s 5A medium supplemented with 10 % (v/v)
foetal bovine serum (FBS), 2 % (v/v) 4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid (HEPES), 1 % (w/v) sodium pyruvate, 50 μg/
mL streptomycin, 50 U/ mL penicillin, and 1 % (w/v) L-glutamine. Cells
were maintained at 37 °C in a humidified atmosphere containing 5 %
(v/v) CO2, changing culture medium every three days. This cell line
represents a well established cellular model to study osteoblast-like
responses on biomaterials [55,56]. After reaching 80 % confluence,
cells were trypsinized (Trypsin-EDTA) and seeded at a concentration of
10,000 cells/specimen in the same medium used for cell culture. Cells
were allowed to attach and spread for 24 h and then they were gently
washed with PBS, fixed with paraformaldehyde (PFA, 4 % w/v in PBS)
for 30 min and permeabilized with 0.05 % (w/v) Triton X-100 in PBS
for 20 min. Actin fibers were stained by incubating with TRITC-con-
jugated phalloidin (1:300, in permeabilizing buffer) for 1 h and nuclei
were stained using 4′,6-diamidino-2- phenylindole (DAPI) (1:1000, in
PBS-glycine 20 mM) for 2 min, both in the dark. Between all steps,
samples were rinsed three times with PBS-glycine for 5 min. All re-
agents were purchased from Sigma–Aldrich, unless otherwise noted.
Specimens were mounted in Mowiol 4–88, examined under a fluores-
cence CLSM (CLSM, LSM 800, Carl Zeiss) and images were processed
using Fiji/Image-J package [57] to calculate cell-shape parameters.
Assays were done with triplicates, and repeated twice.
2.7. Statistical analysis
Values in all graphs are displayed as mean± standard deviation.
Statistical comparison of values was based on ANOVA using Tukey’s
test for pair-wise comparisons (p< 0.05). Differences were also ana-
lysed with the non-parametric Mann-Whitney test. The software used
for statistical analysis was Minitab® 18.1.
3. Results and discussion
3.1. Topographical characterization
As depicted in the WLI images of Fig. 1, during specimen prepara-
tion the use of distinct grit sizes and polishing dynamics allowed to
obtain a range of topographies, combining different roughnesses and
directionalities. As coarser abrasives were used, an increase in rough-
ness was observed (i.e. specimens from 1 to 4). As plotted in Fig. 2a and
visually depicted in Fig. 2e, Sa increased by a factor larger than or equal
to three between consecutive roughness grades, and no significant
differences were present between M and U specimens. An evident tex-
tured directional pattern was present in U specimens, while grooves in
Table 1
Summary of the microstructure, phase composition, residual stresses and surface damage of the specimens used in the present work [45]. UT and UP indicate residual
stresses measured transverse or parallel to the grinding grooves (in unidirectionally ground specimens).




M samples showed a random arrangement. This texture was further
confirmed by Str (Fig. 2b), indicating a stronger anisotropy in all U
specimens. A gradual increase in surface area was also noticed, which
according to Sdr (Fig. 2c) increased to about 20 % in the case of 4-M/U.
Although grinding/polishing introduced evident topographical mod-
ifications on the surfaces, contact angles (Fig. 2d) remained almost
constant between 60° and 70°. This may be attributed to the relatively
narrow Sa range of the studied surfaces, with similar differences as
found by other authors in this material [58].
3.2. Mechanical characterization
The interaction between abrasive particles and the surface is not only
limited to topographical modifications. As the diamond abrasives erode
the surface, shearing and tensile stresses induce a t→ m transformation,
reaching several microns deep [17,45]. The volume expansion of the m-
phase induces a compressive stress state on the surface that can exceed
the GPa, which may affect its mechanical properties [17,59]. 10 kgf HV
test results are presented in Fig. 3a, in which no significant differences
were observed. However, in the case of KIc a clear increasing trend was
detected. Fig. 3b shows the results of KIc for M and U specimens, both
presenting the same behaviour. As rougher abrasives were used (i.e.
higher compressive state on the surface, as shown in Table 1), statisti-
cally higher values were obtained. 4-M/U specimens showed an increase
of 1.5 MPa·√m as compared to MP, which represents an improvement of
around 30 %. In order to study if the anisotropic stress state found in
unidirectionally ground specimens (see Table 1) can result in anisotropic
mechanical properties, further indentations were done in 4-U specimens,
this time aligning the originated cracks in two different directions: par-
allel and perpendicular to the grooves. According to results presented in
Fig. 3c, despite the high variability in crack length measurements, a
significantly increased KIc parallel to the grinding grooves was detected.
As depicted in Fig. 3d, the higher stresses perpendicular to the grinding
direction were able to hamper crack propagation along the grooves.
In order to evaluate the effects of this stressed layer on flaw de-
velopment after a sliding contact, scratch tests were carried out in M
specimens and surface damage was evaluated by FESEM. Micrographs
in Fig. 4a correspond to the last part of the scratch tracks, showing the
region under applied loads between 120−200 N. Images of the po-
lished cross-sections near the end of the tracks, under loads above 180
N, are displayed in Fig. 4c and 4d. From the top view it is observed that
lateral cracks formed along the tracks at high loads, except for specimen
Fig. 1. WLI topographical images of the specimens after surface modification. From left to right, increasing levels of roughness, 1 to 4. Multidirectional (M) patterns
are displayed on the top, while unidirectional (U) patterns are displayed on the bottom.
Fig. 2. Roughness parameters, contact angle and surface profile in ground/polished specimens. a) Arithmetic average height (Sa), b) Texture aspect ratio (Str), c)
Developed interfacial area ratio (Sdr), d) Contact angle and e) Surface profile of heights.




4-M in which no cracks were visible. A magnification of the final section
in 4-M is presented in Fig. 4b. Yet, once the cross-sections were eval-
uated, all the specimens presented sub-surface lateral cracks, generated
at the centre of the track (where stresses are maximum) and propa-
gating laterally up to the surface. As shown in Fig. 4d, MP specimen
presented two symmetric lateral cracks at each side of the track. In the
case of 4-M, cracks were also observed, with less symmetry and irre-
gular length. While in MP they were wide and reached the surface open,
allowing for a clear identification in the top view, cracks in 4-M were
narrow and their intersection with the surface was difficult to detect.
Such differences between crack morphology may be related to two
different factors found in coarsely ground specimens. On one hand, the
presence of a shallow layer of compressive stresses on the surface
(around 6−7 μm thickness [45]). It may avoid crack opening in a si-
milar fashion as observed in the KIc experiments. On the other hand,
possibly to a lower extent, the highly distorted microstructure under the
first micron. It may deflect or hinder crack propagation, as observed in
severe plastically deformed materials [60]. The obtained results de-
monstrate that the changes undergone after grinding/polishing proce-
dures are able to improve surface mechanical properties, in particular
crack propagation after contact damage events, by improving apparent
fracture toughness. A close relation thus exists between surface me-
chanical response and the layer of residual stresses.
3.3. Hydrothermal degradation
Fig. 5 plots the transformation kinetics of both M (Fig. 5a) and U
(Fig. 5b) specimens after degradation in water steam. Degradation kinetics
showed that unlike the grinding directionality, whose influence was
minor, the severity of the abrasion (i.e. grit size) critically influenced the
degradation behaviour. All the ground/polished specimens exhibited an
improved resistance to hydrothermal degradation, as compared to MP
specimens. However, both too soft and too aggressive treatments failed to
provide protection against degradation over time. In contrast, 2-M/U and
3-M/U, presenting intermediate roughness, displayed an excellent re-
sistance to degradation. The former in particular showed no signs of in-
crease in the monoclinic content even after 50 h in water steam, which
corresponds to roughly 150 years in vivo [52], much longer than the ex-
pected lifetime of any biomedical implant. Fig. 6 shows CLSM images and
a m-phase mapping of the cross-sections in all M specimens as well as in
MP after 50 h of degradation. MP specimens presented the maximum
transformation depth, with a homogeneous fully degraded layer of about
10−11 μm. Meanwhile, both 2-M and 3-M were free of degradation.
Specimens 1-M and 4-M presented partial transformation of the surface,
with a similar degree of transformation but a different distribution of the
monoclinic material. On one hand, transformation in 4-M was very het-
erogeneous and seemed to be nucleated around specific spots, leaving
Fig. 3. Mechanical surface properties of the studied specimens. a) Vickers hardness, b) Apparent indentation fracture toughness, c) Apparent indentation fracture
toughness in 4-U specimens along two different directions: perpendicular and parallel to the grinding grooves. d) Schematic representation of the influence of
residual surface stresses on indentation crack length. Red arrows depict the intensity and direction of the residual stresses. Anisotropic stress states in unidirectionally
ground specimens led to anisotropic mechanical behaviour. Groups identified by the same letter are not statistically different (p>0.05). (For interpretation of the
references to colour in the Figure, the reader is referred to the web version of this article).




other surface regions with lower amounts of m-phase. On the other hand,
1-M presented a layer-like structure with maximum transformation in the
surface region, decreasing with depth. Nevertheless, both 1-M and 4-M
displayed lower transformation depths as compared to MP.
Several of the microstructural features observed after grinding/
polishing procedures are known to have a protective effect against
Fig. 4. a) FESEM micrographs of the tracks left after scratch tests in M specimens. Note that no cracks were visible on the surface of 4-M. Dashed line in MP indicates
how specimens were cross-sectioned to obtain figures c) and d). b) Magnification of the last section of the track in a 4-M specimen. c) and d) CLSM cross sectional
images of the last section of the scratch at loads above 180 N in 4-M and MP specimens, respectively. Lateral cracks could be observed in both specimens, presenting
different morphologies.
Fig. 5. Degradation kinetics in water steam. The evolution of the monoclinic volume fraction is plotted against degradation time. a) M specimens and b) U specimens.
No degradation was observed in 2-M/U specimens and just a slight increase in the monoclinic content could be appreciated in 3-M/U specimens. The 20 % Vm left to
reach a full m-phase material in MP specimens, corresponded to non-transformable cubic (c) phase.




ageing. Reduction in grain size after surface recrystallization [31], as
well as in domain size due to ferroelastic switching [34], and presence
of a layer of residual compressive stresses [33] are known to delay low
temperature degradation through different mechanisms. The behaviour
shown by the studied specimens can be explained in terms of the pre-
sence of such features, as summarized in Table 1. Both 2-M/U and 3-M/
U, presenting an excellent resistance, displayed a recrystallized surface
of nano-grains, a certain amount of domain switching (i.e. texture as
shown by (002)t /(200)t XRD intensity relation), as well as a layer of
residual compressive stresses [45]. 3-M/U was ground with resin-
bonded and relatively large diamond particles, presenting an affected
layer of several microns deep. 2-M/U was polished with smaller dia-
mond particles in water-based slurries, involving a milder process that
reduced the affected region to a very shallow but intense layer, in the
first micron of material. However, both of them were able to effectively
protect the surface. In fact, similar degradation resistance in softly
polished specimens have been recently reported [30] with 15 μm dia-
mond polishing. As the grinding/polishing varied from this optimal
finishing, degradation started to occur. While 1-M/U seemed not to
present enough protective features, 4-M/U showed a deterioration of
the achieved protection. Regarding the former, XRD spectra performed
in a previous study [45], showed to be very similar to the one in the
mirror-polished (MP) with almost no changes even in grazing incidence
measurements, lacking the protection of surface texture and the re-
sidual stresses following the t → m transformation. However, 1-M/U’s
surface was found to present partial recrystallization, which seemed to
have a positive effect, as degradation was clearly improved respect to
MP. In fact, ageing in this specimen presented a degradation similar to
4-M/U, in which a very severe grinding had been applied. It is im-
portant to highlight that a surface finishing as smooth as the one in 1-
M/U, with a Sa =16 nm, was able to introduce the microstructural
changes needed for the delay of ageing.
The key point to enhance ageing resistance through microstructural
tailoring, is thus not to introduce large changes, but just the adequate
ones. This could be observed in the case of 4-M/U, where degradation
was higher than in 2-M/U and 3-M/U, even though the former
exhibited the largest microstructural changes. The decrease in perfor-
mance for this specimen was related to surface damage. As evidenced in
Fig. 7a and 7b, where the surfaces of 3-M and 4-M specimens are shown
right after grinding (i.e. not degraded), regions with extensive damage
in the form of micro-cracks could be observed in 4-M. This is different
to the scenario found in the rest of the specimens, where ductile ma-
terial removal mechanisms took place exclusively. In order to study
whether the worsening of the degradation behaviour was indeed re-
lated to such surface state, a superficial m-phase map was obtained in
one of the 4-M specimens degraded for 50 h. Fig. 7c shows the obtained
phase map along with an optical micrograph of the corresponding re-
gion. While most of the surface presented damaged material (labelled as
A), a damage-free track with a whitish surface crossed the measured
region almost horizontally (labelled as B). Phase mapping clearly re-
vealed that the entire surface was degraded except for the damage-free
track, which was totally resistant to degradation. In fact, one damaged
track crossed the non-transformed region, acting as a nucleating zone
for the m-phase (labelled as C). As shown in our previous study [45], as
the diamond particle size increases, material removal mechanisms tend
to change from ductile to brittle, favouring the presence of damaged
regions and allowing water to bypass the protective layer. Thus, if
microstructural tuning through grinding procedures is to be performed
for ageing-protective reasons, a balance must be achieved between the
introduction of beneficial features and the prevention of surface micro-
damage.
3.4. Cell adhesion study
Surface topography of biomaterials is known to affect cell behaviour
[61]. Indeed, it is well accepted that roughness can influence (positively
or not) the adhesion, proliferation and differentiation of osteoblastic
cells [42,43,62,63]. However, the majority of works have generally
focused on titanium and studies on other materials, e.g. Y-TZP, are
needed.
Fig. 8 displays the results obtained in the cell adhesion assays. As
shown in Fig. 8a, the number of adherent SaOS-2 was very similar on all
Fig. 6. Cross-sections of the degraded specimens after 50 h in water steam. On the left, CLSM images. On the right, m-phase distribution determined by confocal
micro-Raman spectroscopy. Note that for each condition, CLSM and phase images were taken from the same specimen but probing different regions.




the studied surfaces, without statistically significant differences as a
function of the surface topography. In detail, neither an increase in
surface roughness (i.e. Sa values) nor the presence of a pattern texture
(M/U) seemed to influence cell attachment. In contrast, cell mor-
phology and orientation were dependent on the topography. This effect
can be observed in Fig. 8b and 8c, where for both 3-U and 4-U, a slight
decrease in cell area (statistically significant for 4-U) and an increase in
the aspect ratio (statistically significant for 3-U and 4-U), i.e. a more
elongated cell shape, were observed. As depicted in Fig. 8d the mor-
phological changes in 3-U and 4-U were related to a strong alignment in
the direction of the grinding grooves, which was only detected on these
two surfaces. For the rest of the specimens no alignment was observed,
displaying similar morphological features as those found in the mirror-
like polished MP specimen. These results indicate that roughness alone
does not directly affect cell area or their aspect ratio, but in combina-
tion with oriented patterns is able to favour cell alignment above a
certain roughness level, changing cell morphology. Previous data al-
ready reported such effect on ground titanium surfaces [64,65], as well
as in other materials [66]. The ability to induce cell alignment has been
a subject of interest for many researchers, as a means of affecting cell
behaviour. In fact, it has been shown to trigger cytoskeleton re-
organization, and to affect extracellular matrix remodelling, cell mi-
gration, membrane protein relocation and gene expression [67]. Herein
we propose the existence of a threshold larger or equal to Sa =150 nm
to effectively induce cell alignment on unidirectionally ground Y-TZP.
Fig. 8e and 8f show two fluorescence CLSM images of stained cells in
Fig. 7. FESEM micrograph of the surface in a) 3-M and b) 4-M specimens right after grinding (i.e. not degraded). Extensive damage could be seen in 4-M surface, with
the presence of micro-cracks and flaking, while 3-M presented a smoother damage-free surface, with evident signs of plastic material removal mechanisms. c) Insight
on the degradation behaviour of 4-M specimens. On the left, optical microscopy image of a 4-M specimen surface degraded for 50 h. On the right, m-phase mapping of
the outlined region through confocal micro-Raman spectroscopy. Labels A indicate large regions were micro-damage was observed on the ground tracks. Label B
identifies a track (in whitish colour) with no damage, where mainly ductile removal mechanisms took place. Label C shows a damaged track crossing the damage-free
region.




specimens 3-M and 3-U. An alignment in 3-U in the direction of
grinding is clearly noticed, while cells are randomly spread onto 3-M
surfaces.
4. Conclusions
Microstructural and crystallographic changes after surface
grinding/polishing were able to greatly affect both mechanical prop-
erties and hydrothermal degradation resistance of 3Y-TZP.
Furthermore, topographical changes (i.e. unidirectional grooves) effi-
ciently promoted osteoblasts alignment. Although the increase in
properties showed a significant direct correlation with abrasion se-
verity, surface damage introduced in the coarsest grinding worsened
ageing resistance. In particular, it was observed that:
• The layer of compressive residual stresses as a result of the t → m
transformation resulted in an increase in apparent fracture tough-
ness, which hindered the propagation of superficial cracks, as well
as the opening of subsurface cracks reaching the surface, the latter
as observed in scratch tests. The studied mechanical properties im-
proved with grinding.• In order to protect 3Y-TZP from ageing, it was shown that coarse
grinding is not only unnecessary, but can be counterproductive.
Instead, intermediate conditions (in terms of grit size), including
both grinding and rough polishing, could protect the surface from
degradation, even in damage-free specimens with a roughness as
low as Sa =45 nm. In this regard, zirconia showed to be highly
responsive to surface mechanical treatments. Even specimens po-
lished until a surface roughness of Sa = 16 nm displayed an im-
portant degree of surface protection.• All the topographical modifications performed allowed cell
attachment and presented contact guidance when unidirectionally
ground above a certain roughness level.
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A B S T R A C T   
A dual approach employing peptidic biofunctionalization and laser micro-patterns on dental zirconia was 
explored, with the aim of providing a flexible tool to improve tissue integration of restorations. Direct laser 
interference patterning with a femtosecond Ti:Sapphire laser was employed, and two periodic grooved patterns 
were produced with a periodicity of 3 and 10 μm. A platform containing the cell-adhesive RGD and the osteo-
genic DWIVA peptides was used to functionalize the grooved surfaces. Topography and surface damage were 
characterized by confocal laser scanning (CLSM), scanning electron and scanning transmission electron micro-
scopy techniques. The surface patterns exhibited a high homogeneity and subsurface damage was found in the 
form of nano-cracks and nano-pores, at the bottom of the valleys. Accelerated tests in water steam were carried 
out to assess hydrothermal degradation resistance, which slightly decreased after the laser treatment. Interest-
ingly, the detrimental effects of the laser modification were reverted by a post-laser thermal treatment. The 
attachment of the molecule was verified trough fluorescence CLSM and X-ray photoelectron spectroscopy. 
Finally, the biological properties of the surfaces were studied in human mesenchymal stem cells. Cell adhesion, 
morphology, migration and differentiation were investigated. Cells on grooved surfaces displayed an elongated 
morphology and aligned along the patterns. On these surfaces, migration was greatly enhanced along the 
grooves, but also highly restricted in the perpendicular direction as compared to flat specimens. After bio-
functionalization, cell number and cell area increased and well-developed cell cytoskeletons were observed. 
However, no effects on cell migration were found for the peptidic platform. Although some osteogenic potential 
was found in specimens grooved with a periodicity of 10 μm, the largest effects were observed from the 
biomolecule, which favored upregulation of several genes related to osteoblastic differentiation in all the 
surfaces.   
1. Introduction 
Yttria-stabilized tetragonal zirconia polycrystal (Y-TZP) is used to 
produce several components employed in restorative dentistry, 
including dental implants, which are screwed into the jawbone and 
provide mechanical stability to the prosthesis [1]. The success of this 
procedure largely depends on the capacity of the implanted material to 
osteointegrate, i.e. establish a direct implant-to-bone contact [2], which 
will ensure the mechanical stability and long-lasting performance of the 
implant. However, the foreign body response triggered by the bioma-
terial after the surgery may also result in the formation of a collagenous 
fibrous layer encapsulating the implant; and thus, compromise its clin-
ical viability. In this regard, although excellent outcomes have been 
recently reported for Y-TZP based ceramic implants, with a calculated 5- 
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year survival rate of 98.4% (95% CI 91.6, 99.9) [3], long-term studies 
are still needed. In the case of titanium, for instance, implant survival 
rates at 10 years are close to 95% [4]. Moreover, it should be taken into 
account that it is estimated that 5.5–6 million implants are placed each 
year only in Europe [5]. Therefore, even if the percentage of dental 
implant failure is low, in absolute values a large number of patients need 
a revision surgery every year, and the consequences are often cata-
strophic. The reasons for failure are varied and still not completely un-
derstood. They are often related to the initial foreign body response, but 
also to other events disbalancing the osteointegration process, including 
peri-implantitis, non-optimal implant design, traumatic handling, new 
loading conditions after losing adjacent teeth, and general health aspects 
[6]. In particular, further improvement of osteointegration at the 
implant surface is still necessary as [7]:  
- In healthy subjects the osteointegration of a dental implant is a slow 
process. An early or immediate loading is not possible, which has 
negative effects in terms of patient morbidity and healthcare costs.  
- The placement of implants is counter indicated in clinically 
compromised patients, where impaired osteointegration is observed. 
Such conditions include diabetes mellitus, osteoporosis, radio-
therapy in neck and head or smoking addiction [8,9]. 
For these reasons, surface modification (e.g. topographical or 
biochemical) of implants has been widely employed in order to enhance 
bone formation at the material-tissue interface and achieve a proper 
biological seal at the gum level [10,11]. 
Surface topography can improve tissue integration in several ways. 
Firstly, surface roughness favors cell adhesion [12] and allows for better 
mechanical interlocking when in contact with bone [13]. Secondly, 
surface texture can influence cell behavior. For example, grooved sur-
faces can display contact guidance and favor cell migration, which is of 
special interest in applications where tissue growth over a surface must 
be guided [14,15], including dental implants [16–18]. In addition, both 
micro-[19,20] and nano- [11,21] topographical features can modify 
gene expression through cellular mechanotransduction. Indeed, changes 
in the organization of the cytoskeleton can trigger signaling pathways 
that (up)regulate the expression of genes involved in osteodiffer-
entiation. It is the case of linear patterns, in which different groove/ 
ridge combinations can guide human mesenchymal stem cell (hMSC) 
differentiation into several lineages, including the osteogenic one 
[22–24]. 
However, due to its particular properties, surface modification of Y- 
TZP remains challenging as compared to other materials used in 
dentistry such as titanium. Y-TZP is a relatively hard and brittle-like 
material [25]; thus, its surface can only withstand limited amounts of 
plastic deformation before presenting surface damage [26,27]. 
Accordingly, milder treatments must be employed if excessive crack 
formation, chipping or stress-induced phase transformation (from 
tetragonal to monoclinic phase, t → m) are to be avoided. Consequently, 
relatively low values of surface average roughness (Ra) are obtained. 
Due to its chemical inertness, etching is only limited to a few aggressive 
reagents [28], and other methods such as anodization are not possible 
due to the lack of electronic conductivity. The effect of such treatments 
on the hydrothermal degradation of Y-TZP has to be taken in particular 
consideration. After extended exposure to water, some Y-TZP formula-
tions can undergo a spontaneous phase transformation from t- to the 
more stable m-phase, which is associated with crack formation and 
weakening [29,30]. Excessive surface damage can facilitate this process 
[31,32], and as a consequence suitable methods for surface modification 
are limited, especially in biomedical applications. 
Among the methods that have been successfully employed to su-
perficially modify the topography of Y-TZP there are mechanical, 
chemical and thermal-based techniques, including sandblasting, 
grinding [26], chemical etching [28] and laser micro-patterning [33]. Of 
particular interest is laser patterning, which stands out as an efficient 
means of producing detailed and reproducible topographies at different 
length scales (e.g. grooves [34], pits [35], grits [36] or other textures) 
with relatively fast processing speed. Besides, as a non-contact technique 
it presents additional advantages, such as the absence of tool wear and 
surface contamination. Y-TZP surface has been successfully structured 
with lasers working on different regimes and employing different tech-
niques [33,34,37–39]. In particular, direct laser interference patterning 
(DLIP) represents a promising technique for industrial use thanks to its 
ability to produce periodical patterns (mostly grooves, although other 
patterns are possible) in a single step, with higher processing speeds as 
compared to other techniques (e.g. laser writing or lithographic tech-
niques) and resolutions at the micron- and sub-micron level [40–43]. 
Notably, it is possible to engrave such patterns in complex 3D structures, 
such as the body of threaded dental implants [44]. 
Just a few works are available about DLIP structuring of Y-TZP sur-
faces [24,32,33,41,43,45–47] and its influence on damage and hydro-
thermal degradation, which are only known in the nanosecond pulse 
duration regime [32,41,46], but not in the femtosecond one. Likewise, 
cellular behavior on Y-TZP grooved substrates has been scarcely char-
acterized, whether produced by DLIP or direct writing. The available 
information agrees in that the grooved topographies (as it has been 
widely characterized in other materials [19,48]) can influence cell 
morphology, and that differentiation into the osteogenic lineage may be 
enhanced [24,36,49–51]. 
Alternatively, biochemical surface modifications may also be used in 
order to improve the osteointegrative potential of biomedical surfaces. 
Such modifications are generally based on the extracellular matrix 
(ECM) of bone, either its mineral inorganic part (e.g. calcium phosphate 
coatings) or its organic components (e.g. collagen, fibronectin, etc.) 
[11,52]. Of particular relevance are those organic molecules able to 
trigger receptor-specific cell functions, especially proteins [53], growth 
factors [54,55], peptides and related analogues [56,57]. In the partic-
ular case of peptidic molecules, several works have explored the func-
tionalization of dental materials to enhance their surface properties and 
bioactivity [58]. These works include the use of antibacterial peptides 
[59,60], peptides that can reinforce epithelial sealing [61] and peptides 
that are osteogenic [62] or can improve the bone healing process [63], 
among others. 
The main advantage of using synthetic peptides lies on their speci-
ficity, reduced size, and higher stability against enzymatic degradation 
and environmental changes such as pH or temperature. Although the 
most well-known peptide in tissue engineering is the RGD sequence 
[64], with a predominant role in cell-adhesion, other peptides have 
shown potential to improve bone healing and osteointegration [65]. In 
this regard, several peptide sequences have been found to present 
osteoinductive properties [66], such as those derived from the bone 
morphogenetic protein 2 (BMP-2) [67,68]. BMP-2 induces osteoblastic 
differentiation by binding to type I and type II BMP receptors (BMPRs). 
Lee et al. [69] studied a BMP-2 derived peptide (DWIVA) and found an 
increased osteoblastic differentiation of human bone marrow stromal 
cells through Smad signal transduction. Subsequently, it was recently 
demonstrated that combining this peptide with the RGD motif syner-
gistically promoted integrin and BMPR signaling, inhibiting myotube 
formation on C2C12 cells and activating their transdifferentiation into 
the osteogenic lineage [70]. Notably, this study showed that the com-
bination RGD-DWIVA in a geometrically controlled manner increased 
cell adhesion and promoted BMP-dependent signaling in a larger extent 
as compared to the presence of RGD or DWIVA only. 
Within this context, the aim of the present work was to study the 
combination of topographical and biochemical modifications on Y-TZP 
biomaterials, and evaluate their effects at the surface level and its bio-
logical influence on hMSCs. Grooved laser patterns were created with 
two different periodicities: one with features of only a few microns, 
much below the cell body size, 3 μm; the other one with larger grooves, 
in a closer range to the cell size, 10 μm. DLIP technique was employed in 
order to ensure both periodicity and high processing speeds with 
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industrial applicability. The femtosecond regime was chosen because 
previous studies reported extended surface damage [46] and limitations 
in terms of pattern depth for the nanosecond regime [33]. A detailed 
topographical and microstructural characterization of the modified 
surfaces was carried out to analyze surface damage and changes in 
surface properties. To the best knowledge of the authors, these effects 
have not been investigated for such treatment. Additionally, the 
patterned surfaces were also functionalized with a dual peptidic plat-
form [71], including the RGD and the BMP-2-derived DWIVA sequences 
[70], to further tune hMSC behavior. Interestingly, the bio-
functionalization of Y-TZP has been scarce and limited to cell adhesive 
peptides [72–74]. Studies expanding the potential of peptidic func-
tionalization to other areas (e.g. osteogenesis) are missing, and to date 
no studies combining topographical and biochemical modifications on 
this material can be found. 
Thus, the main objective of this study was to investigate for the first 
time the combination of ultrashort pulsed direct laser interference 
patterning (USP-DLIP) and chemical functionalization on Y-TZP and 
explore the potential synergisms between topographical and biochem-
ical cues (Fig. 1). Such combined approach may improve the tissue 
integrative properties and osteogenic potential of Y-TZP surfaces and 
provide new insights for the design of long-term functional dental 
implants. 
2. Experimental procedure 
2.1. Material processing 
2.1.1. Sample preparation 
Disc-shaped samples of 15 mm diameter were produced from zir-
conia powders stabilized with 3 mol% yttria (TZ-3YSB-E, Tosoh). 
Briefly, powders were cold isostatically pressed at 288 MPa and sintered 
at 1450 ◦C for 2 h (constant heating and cooling rates of 3 ◦C/min) 
obtaining a material with a grain size of 0.32 ± 0.12 μm and a density 
above 99% of the theoretical one. All the samples were mirror-like 
polished using suspensions of diamond particles with decreasing parti-
cle size (30 μm – 6 μm – 3 μm) with a final polishing step using an 
alumina suspension of 0.02 μm particle size. Some samples were not 
further modified to be used as reference specimens, labeled as CTRL. 
Further details about sample preparation and characterization can be 
found elsewhere [75]. After polishing, samples were cleaned in an ul-
trasonic bath in 6-minute washes, as follows: cyclohexane (x 2), acetone 
(x 2), deionized water (x 2), ethanol (x 2) and acetone (x 2). Finally, 
samples were dried in a N2 stream. 
2.1.2. Laser patterning 
In order to obtain surface patterns, DLIP was employed. In this 
technique, an inhomogeneous fluence distribution is produced on the 
surface due to the interference of two or more laser beams, originating a 
periodical pattern [15,76]. The particular geometry of the patterns de-
pends on the number of interfering beams as well as the optical setup. 
Surface patterning was carried out by using a Ti:Sapphire laser source 
emitting ultrashort pulses of 100 fs at Full Width Half Maximum 
(FWHM) with a centered wavelength λ of 800 nm. A detailed description 
of the optical setup employed in this work can be found in [43]. Briefly, 
an aperture defines the working beam diameter while a wave plate 
adjusts the polarization angle of the laser beam perpendicular to the 
generated pattern orientation in the first section of the optical setup. 
Further on, the femtosecond pulsed seed beam is divided by a Diffractive 
Optical Element (DOE), while the individual coherent beams are finally 
overlapped on the sample surface by means of a lens system. The beam- 







) (1)  
where θ is the incidence angle between the individual beams [43]. An 
alteration of Π can be achieved by changing the distance between DOE 
and the focusing lens system. The sample was mounted on a (x,y) 
motorized stage. In order to fully structure specimen surfaces, laser 
pulses were synchronized with the motorized stage. An optimization 
process was carried out adjusting laser power, stage speed and pulse 
overlapping in relation to the DOE-lens system spacing until homoge-
neous linear patterns were obtained of either 3 or 10 μm periodicity. 
Such laser-treated specimens were labeled as 3L and 10L, respectively. 
Samples were subsequently cleaned and dried as described above. 
Fig. 1. Scheme of the rationale behind this study. Two different strategies were employed in order to improve the tissue integration potential of zirconia surfaces, one 
of topographical and one of biochemical nature. The main known effects on human cells from each strategy are detailed on the figure. 
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2.2. Biofunctionalization process 
2.2.1. Biomolecule synthesis 
The coating molecule (labeled as P) was produced using standard 
solid-phase peptide synthesis protocols and characterized as described 
elsewhere [70]. As shown in Fig. 2, the peptidic platform contains the 
bioactive sequences RGDS and DWIVA, and two units of L-3,4-dihy-
droxyphenylalanine (L-DOPA) as surface anchoring points. An analogue 
with 5(6)-carboxyfluorescein was also synthesized to perform charac-
terization studies with fluorescent methods. 
2.2.2. Surface functionalization 
Samples were coated overnight with a 150 μL drop at 100 μM of the 
peptidic platform (P) solution. As previously indicated, some samples 
were functionalized with the fluorescently labeled platform, for char-
acterization purposes. Next, samples were rinsed thrice with deionized 
water and dried in a N2 stream. Specimens functionalized with the 
peptide were labeled as CTRL-P, 3L-P and 10L-P. A summary with all the 
specimens and labels used in this work can be found in Table 1. 
2.3. Surface characterization 
2.3.1. Surface changes induced by the laser treatment 
Changes in surface topography were visualized by Field Emission 
Scanning Electron Microscopy (FESEM, Carl Zeiss Neon 40). Roughness 
parameters and surface profiles were obtained using a Confocal Laser 
Scanning Microscope (CLSM, Olympus Lext OLS3100). For such pur-
pose, three specimens were evaluated per surface condition, and three 
images of 96 μm × 128 μm were taken on each specimen. 
Crystalline phases were determined by X-Ray Diffraction (XRD, 
Bruker D8-Advance) in Bragg-Brentano symmetric geometry configu-
ration. The analysis was performed from 26◦ ≤ 2θ ≤ 37◦ on a diffrac-
tometer using Cu Kα radiation (40 kV and 40 mA) with 0.02◦ step size 
and 1 s/step. The volume fraction (Vm) of the monoclinic phase (m) was 
calculated with the equation proposed by Toraya et al. [77]. The re-
sidual stress state of the surfaces was characterized with the sin2ψ 
method [78] by XRD analysis (Empyrean, PANalytical) using Cu Kα 
radiation (40 kV and 40 mA). With the same methodology employed in a 
previous study [75], the tetragonal (101)t peak found at 2θ = 30.2◦ was 
used for the stress calculations, at Chi angles from −60◦ to +60◦ in 13 
steps. Measurements were performed along three directions on the 
surface: Φ = 0◦, 45◦ and 90◦, in order to identify possible stress an-
isotropies. In this case, Φ = 0◦ and Φ = 90◦ corresponded to a direction 
parallel and perpendicular to the grooved patterns, respectively. Anal-
ysis was performed by using the PANalytical X’Pert Stress plus software. 
Crystalline phases were determined in triplicates, while residual stresses 
were determined in duplicates. 
In order to characterize the microstructure resulting from the laser 
modification, thin lamellas of the subsurface were obtained by Focused 
Ion Beam (FIB, FEI Helios Nanolab Dualbeam 600) and deposited on a 
copper grid. The lamellas were then observed under Scanning Trans-
mission Electron Microscopy (STEM, Carl Zeiss Neon 40) to reveal the 
subsurface microstructure. 
Hydrothermal degradation resistance (also known as ageing or low- 
temperature degradation (LTD)) of the specimens after surface 
patterning was investigated. More information about this phenomenon 
can be found in Ref. [29]. In such process, the t → m transformation, of 
expansive nature, spontaneously takes place on the surface in the 
Fig. 2. Chemical structure of the biomolecule. The RGDS and the DWIVA sequences are highlighted in different colors, as well as the L-DOPA based anchoring unit. 
In the fluorescently labeled biomolecule, 5(6)-carboxyfluorescein was bound to the N-terminus of DWIVA. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
Table 1 
Labels and description of the studied surface conditions.  
Label Description 
CTRL Mirror-like polished. Used as a flat topography reference. 
3L Laser patterned with a periodicity of 3 μm. 
10L Laser patterned with a periodicity of 10 μm. 
CTRL-P CTRL specimens functionalized with the peptidic platform. 
3L-P 3L specimens functionalized with the peptidic platform. 
10L-P 10L specimens functionalized with the peptidic platform.  
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presence of moisture. It is associated with the onset of micro-cracks and 
is able to progress autocatalytically to the bulk material [79]. LTD is of 
great concern, especially in the biomedical field, where it has been 
responsible for the catastrophic failure of medical prostheses. In order to 
evaluate the resistance to LTD of Y-TZP materials, accelerated tests can 
be carried out in water steam, as reported elsewhere [29,80]. Hence, 
specimens were degraded in an autoclave at 134 ◦C and 2 bars of 
pressure (Selecta Micro8) for 30 h. Vm was determined by XRD at several 
timepoints, and the m-phase content was plotted against degradation 
time. Three specimens per condition were used. 
2.3.2. Attachment of the biomolecule 
The presence of the peptides on the surface after biofunctionalization 
was verified through the changes in the surface nitrogen content. This 
was evaluated by using X-Ray Photoelectron Spectroscopy (XPS) and 
determining the percentage of the N1s signal. XPS spectra were acquired 
with a non-monochromatic Al anode X50 source, operating at 150 W at a 
pressure below 7.5 × 10−9 mbar. A Phoibos 150 MCD-9 detector (SPECS 
Surface Nano Analysis GmbH) was employed. To record high-resolution 
spectra, detector pass energy was fixed at 20 eV with 0.05 eV steps. The 
obtained spectra were analyzed using Casa XPS software. All binding 
energies were referenced to the signal of C1s. Measurements were ac-
quired in duplicates. 
To further study the attachment of the biomolecule and its distri-
bution, a fluorescently-labeled version of the peptide was employed. 
Surfaces functionalized with such peptides were observed under fluo-
rescence CLSM (Carl Zeiss LSM 800). Three images were taken on each 
specimen, and three different specimens were studied per condition. The 
data obtained was analyzed using Fiji/ImageJ. 
Finally, the peptide surface density was determined following the 
method reported in [70]. For such purpose, samples coated with the 
fluorescently-labeled peptides were used in duplicates. After function-
alization, the peptidic platforms were detached off the surfaces with 
500 μL of an aqueous solution of NaOH 1 M for 12 min at 70 ◦C. The 
supernatants were collected. In parallel, a standard curve of the same 
fluorescent peptide was prepared in NaOH 1 M, with concentrations 
ranging from 0 nM to 2500 nM. 50 μL of both the supernatants and each 
concentration of the standard curve were pipetted into a black 96-well 
plate. The fluorescence (λ excitation = 485 nm, λ emission = 528 nm) 
was read in a multimode reader (Synergy HTX multimode reader, Bio-
Tek). The standard curve was finally used to determine the surface 
density of the peptide. 
2.4. Biological characterization 
2.4.1. Cell culture 
Bone-marrow derived hMSCs were purchased from ATCC and 
cultured in Advanced Dulbecco’s Modified Eagle’s Medium (DMEM) 
supplemented with 10% (v/v) fetal bovine serum (FBS), 50 U/mL 
penicillin, 50 μg/mL streptomycin and 1% (w/v) L-glutamine. Cells were 
maintained at 37 ◦C, in a humidified atmosphere containing 5% (v/v) 
CO2, changing culture medium three times per week. Cells were de-
tached with trypsin-EDTA and replated on a new flask after reaching 
80% confluence. All reagents were purchased from Sigma–Aldrich, un-
less otherwise specified. 
Before conducting all cellular experiments, samples were disinfected 
for 15 min in 70% (v/v) ethanol and subsequently washed thrice with 
phosphate-buffered saline (PBS). Experiments were carried out in 24- 
well plates, as sample size closely matched this diameter. 
2.4.2. Cell adhesion 
In the cell adhesion assay, hMSCs at passage 6 were seeded at a 
concentration of 5000 cells/well in serum-free medium and incubated at 
37 ◦C and 5% (v/v) CO2 containing atmosphere. After 6 h, medium was 
aspired and non-adherent cells removed by carefully washing with PBS. 
Cells were fixed with paraformaldehyde (PFA, 4% w/v in PBS) for 30 
min and permeabilized with 0.05% (w/v) Triton X-100 in PBS for 20 
min. Actin fibers were stained by incubating with TRITC-conjugated 
phalloidin (1:300, in permeabilizing buffer) for 1 h and nuclei were 
stained using 4′,6-diamidino-2- phenylindole (DAPI) (1:1000, in PBS- 
glycine 20 mM) for 2 min, both in the dark. Between all steps, sam-
ples were rinsed three times with PBS-glycine for 5 min. Specimens were 
mounted in Mowiol 4–88, examined under a fluorescence CLSM (Carl 
Zeiss LSM 800) and images were processed using Fiji/Image-J package 
[81] to calculate cell-shape parameters. The experiment was performed 
using triplicates. 
Once all images were obtained, the samples were immersed in PBS at 
room temperature for two days, while gently shaking. The mounting 
medium was dissolved and the coverslips removed. Cells were then 
dehydrated through immersion in increasing concentrations of ethanol 
and observed under FESEM. 
Cell adhesion after one day was also evaluated with the Alamar Blue 
assay (Invitrogen, ThermoFisher Scientific). In this case, hMSCs at pas-
sage 4 were employed, seeding an initial concentration of 5000 cells/ 
well in serum-free medium. Cells were maintained as described before. 
After 6 h, non-adherent cells were rinsed and carefully aspired, and 
complete medium (i.e. FBS supplemented) was added. After one day, 
cell number was determined with the Alamar Blue assay. Briefly, me-
dium was replaced by 10% (v/v) Alamar Blue reagent in complete me-
dium for 2 h. After the time was reached, the fluorescence of the reagent 
was measured following the manufacturer’s instructions in a multimode 
reader (Synergy HTX multimode reader, BioTek), and compared to a 
standard curve relating cell number and fluorescence intensity. Three 
biological and three technical replicates were used. 
2.4.3. Cell migration 
In order to study cell migration, silicon culture-inserts (Ibidi) were 
placed on the surface of the samples. 20,000 hMSCs at passage 5 were 
seeded in each insert in complete medium, following the volumes rec-
ommended by the manufacturer. Cells were left to attach for 24 h, and 
the inserts were then removed, leaving a confluent layer with a squared 
shape of approximately 7 × 7 mm at the center of the samples. Non- 
adherent cells were rinsed and fresh medium was added. At this point, 
some specimens were carefully washed with PBS, fixed with PFA (4% w/ 
v in PBS) for 30 min and stored at 4 ◦C in PBS. These specimens were 
used as a reference, in order to determine the initial cell layer shape and 
size just after removing the inserts. The rest of the specimens were 
incubated for an additional 72 h. During this period, cells started 
migrating to the rest of the surface. After the time was finished, the 
specimens were washed with PBS and fixed with PFA. Cells were per-
meabilized with 0.05% (w/v) Triton X-100 in PBS for 20 min and stained 
in a 0.5% (w/v) toluidine blue solution for 10 min. Samples were rinsed 
until the excess dye was removed and dried in a N2 stream. The stained 
samples were visualized under a stereomicroscope system (Olympus 
SZX16) and images analyzed with Fiji/Image-J package. The cell layer 
size and shape of all specimens was measured, and compared to the 
reference specimens. An explanatory scheme of this experiment can be 
found in Fig. 10a. Each condition was evaluated by triplicate. 
2.4.4. Cell differentiation 
15,000 cells/well of hMSCs at passage 4 were seeded in all the cell 
differentiation experiments. Cells were seeded in serum-free medium for 
6 h, and non-adherent cells were then carefully aspired and medium 
replaced by a complete one. 
The genetic expression of several genes related to hMSC differenti-
ation was analyzed. After an incubation time of 7 days, total RNA was 
extracted and purified using the RNeasy Mini Kit (Qiagen). RNA was 
quantified using a Take3 Micro-Volume Plate (BioTek) and a Synergy 
HTX multimode reader (BioTek). Equal RNA amounts for each sample 
were retrotranscribed to cDNA using the Maxima First Strand cDNA 
Synthesis Kit (ThermoFisher Scientific). RT-qPCR were performed using 
the PowerUp SYBR Green Master Mix (Applied Biosystems) and specific 
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primers (see Table 2) in a MIC qPCR cycler (Bio Molecular Systems). The 
genes tested were: runt-related transcription factor 2 (RUNX2), alkaline 
phosphatase (ALP), collagen type I (COL-1) and osterix (OSX). Three 
biological and three technical replicates were tested for each condition 
studied. The fold change of gene expression was obtained after 
normalizing the values to CTRL specimens and to the housekeeping gene 
GAPDH. Detailed calculations have been described elsewhere [82]. 
Alkaline phosphatase (ALP) activity, a marker associated with the 
early stages of osteogenesis, was also investigated. After an incubation 
period of 14 days, cells were rinsed with PBS, lysed with 500 μL of 
mammalian protein extraction reagent (mPER, ThermoFisher Scientific) 
and ALP activity measured as indicated by the manufacturer. A colori-
metric assay based on the conversion of p-nitrophenyl phosphate (pNPP) 
into p-nitrophenol (pNP) was employed (SensoLyte® pNPP Alkaline 
Phosphatase Assay Kit, AnaSpec Inc.). The results were expressed as 
nanograms of ALP and normalized by the number of cells on each sur-
face. The number of cells was measured prior to protein extraction on 
the same day, by employing the Alamar Blue assay. Three biological and 
three technical replicates were used. 
2.4.5. Statistical analysis 
Values in graphs are displayed as mean ± standard deviation. Sta-
tistical differences were assessed by ANOVA using Tukey’s test for pair- 
wise comparisons (p < 0.05). Differences were further analyzed and 
confirmed with the non-parametric Mann-Whitney test. The software 
employed was Minitab® 18.1. 
3. Results and discussion 
3.1. Laser patterning 
As displayed in Fig. 3, CLSM was used to obtain the most relevant 
topographical parameters after laser modification. By adjusting the 
optical setup, periodicity could be controlled and set at the desired 
values: 3.03 ± 0.16 μm (3L) and 9.92 ± 0.36 μm (10L). Such periodic-
ities were chosen with respect to cell size. One periodicity was set to only 
have a few microns, much below the cell body size (3L), and the other 
one was set to obtain larger grooves, closer to the range of the cell (i.e. 
10L). In contrast to previous results obtained with nanosecond lasers 
[33], the use of DLIP in the femtosecond regime presented less limita-
tions in terms of pattern depth, which in the present case were 3.04 ±
0.48 μm in 10L, and 0.99 ± 0.19 μm in 3L. Accordingly, the measured 
surface average roughness (Sa) was found to be 1030 ± 110 nm in 10L 
and 370 ± 20 nm in 3L. The roughness before sample patterning is 
represented by the CTRL specimens, which was initially 20 ± 10 nm. 
The possibility of producing grooves with larger depths without 
losing pattern definition is important, as different depths can have 
different effects on cell behavior [83,84]. In addition, surfaces with 
larger Sa values are known to present better osteointegration in vivo 
[85,86]. 
The large differences in terms of the achievable depths between DLIP 
in both regimes (i.e. nano- and femto-) owes to changes in the nature of 
laser-material interaction. In the nanosecond regime, material removal 
is produced by a combination of ablation and melting. In this regime, 
pulse duration is higher than the electron-phonon relaxation time. 
Electrons transfer the absorbed energy to the lattice and a thermal 
equilibrium is reached, leading to heat conduction to the surrounding 
material [87]. As a consequence, after nanosecond pulsed DLIP irradi-
ation, material is selectively molten in the regions of maximum fluence 
and pushed to cold areas due to thermocapillarity (i.e. Marangoni effect 
[88]), producing a grooved topography. Roitero et al. [33] found that, 
by this method, a trade-off exists between pattern depth and quality. 
That is, higher depth was accompanied by lower pattern definition. 
However, in the femtosecond regime, due to the ultrashort pulse 
duration below the electron-phonon relaxation time [89], material 
removal is mainly driven by evaporative ablation. In this regime, elec-
trons are heated almost instantly to high temperatures before an energy 
transfer to the lattice takes place. This results in cold ablation (i.e. direct 
vaporization and ion break-off), minimizing thermal damage [87,90]. In 
brief, the transition from melting to ablation (from nano- to femtosecond 
regime) in DLIP structuring of zirconia allowed to obtain both higher 
depth and pattern definition, demonstrating the clear advantage of using 
ultrashort pulses. This can be observed in Fig. 4 where FESEM micro-
graphs of the laser modified surface are presented. 
As displayed in these images, groove edges were clearly defined, 
presenting a sharp transition between ablated and non-ablated regions. 
However, the nano-topography on the valleys differed between both 
specimens. While 3L presented an array of periodic line-like sub-
structures, 10L presented a more stochastic nano-topography (see 
magnifications in Fig. 4). Similar sub-structures have been observed 
when employing different pulse energy or pulse number in the same 
materials and lasers [35]. Interestingly, although the ripples observed in 
the bottom of 3L valleys were similar to the feature characteristics of 
laser-induced periodic substructures (LIPSS) [91], their orientation was 
aligned parallel to the linear polarization angle of the beam and thus 
appeared to follow a different formation mechanism compared to classic 
LIPSS. The formation of such ripples has also been identified in other 
materials patterned in similar conditions, and its nature is still not clear 
[43]. In addition to nano-topography, more evident signs of micro- 
melting were present in 3L as compared to 10L, as evidenced by the 
presence of droplets and recast material. 
A closer inspection of 10L surfaces is presented in Fig. 5 along STEM 
micrographs of different sub-surface regions. Fig. 5a presents a general 
view of 10L surface. Fig. 5b and d correspond to the magnification of two 
areas: the valleys and the top of the grooves, respectively. Micrographs 
clearly displayed that material on the top of the grooves remained un-
altered, without the presence of any feature indicating microstructural 
modifications after laser irradiation. However, a sharp transition was 
observed between this region and the ablated valleys. 
Most dielectric materials, such as Y-TZP, present a too wide bandgap 
to absorb single photons at the wavelengths employed. However, at 
sufficiently high photon intensity, nonlinear absorption processes 
become predominant and significant multiphoton absorption can take 
place. The free excited electrons that are generated can then gain 
enough kinetic energy (through single photon absorption) to excite 
further electrons into the conduction band, leading to an electron 
avalanche ionization [92]. This process is generally accepted as the main 
mechanism of photon absorption by semiconductors and insulators and 
explains the ability of ultrashort-pulsed lasers to ablate such materials 
[93]. 
In the case of the present work, once a threshold of incoming photon 
intensity was surpassed, nonlinear absorption mechanisms dominated 
and ablation started, explaining the sudden transition between the non- 
ablated and the ablated regions. Hence, below the ablation threshold no 
changes were produced either in the surface (Fig. 5d) or in the sub- 
surface (Fig. 5e). However, once the ablation threshold was surpassed, 
material was clearly ablated. Apart from evaporative ablation, which 
was the main material removal mechanism, topography of the valleys 
suggested that a slight melting was produced, as observed in Fig. 5b. A 
large number of cavities could be observed, presumably due to the 
Table 2 
Sequences of the primers employed.  
Primer Sequence (5′-3′) 
RUNX2 F AAATGCCTCCGCTGTTATGAA 
R GCTCCGGCCCACAAATCT 
ALP F ATCTTTGGTCTGGCTCCCATG 
R TTTCCCGTTCACCGTCCAC 
COL-1 F AGGTCCCCCTGGAAAGAA 
R AATCCTCGAGCACCCTGA 
OSX F TGCTTGAGGAGGAAGTTCAC 
R AGGTCACTGCCCACAGAGTA  
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occurrence of localized boiling, creating an intricate nano-topography. 
Although most of the pores seemed to be connected to the surface, 
STEM images revealed some pores below the surface, always in the first 
500 nm of material (Fig. 5c). Nano-cracks originated on this layer as 
well, as a result of the high temperature gradients after material 
resolidification. 
Stress-induced t → m phase transformation can take place around 
cracks in the laser-affected layer of Y-TZP [46]. In fact, it was observed 
that a subtle t → m phase transformation took place in both 3L and 10L 
after laser modification, where traces of the m-phase remained lower 
than Vm = 3% (and above the detection limits of the equipment Vm >
1%). No other changes were detected after laser modification. The 
corresponding XRD spectra of the 2θ region between 26◦ and 37◦ is 
presented in Fig. 6a. 
Although the m-phase content found was low, the superficial 
nucleation of m-phase coupled to the presence of small cracks may affect 
hydrothermal degradation resistance of Y-TZP surfaces. For this reason, 
accelerated degradation tests were carried out in water steam [32,80]. 
Degradation kinetics of CTRL, 3L and 10L surfaces are displayed in 
Fig. 6b. In order to revert the detrimental consequences of m-phase after 
laser patterning and to relief possible residual stresses, a thermal treat-
ment can be applied. As an example, 10L specimens were selected and 
heated up to 1200 ◦C for 1 h with a cooling and heating rate of 5 ◦C/min. 
These specimens were labeled as 10L-TT and included in the degrada-
tion experiment. 
It can be noticed that both 3L and 10L behaved worse than the CTRL 
specimens, displaying an earlier increase in the m-phase content. As 
explained, the nano-cracks, through which water can easily penetrate 
the material, coupled with a pre-existing amount of m-phase and the 
increase in surface area after laser treatment, may explain such perfor-
mance. However, the thermal treatment (TT) reverted the negative 
consequences of the laser modification, and even improved significantly 
the behavior respect to CTRL specimens. The recovery of properties after 
the TT is explained by the total reversion m → t of the m-phase traces and 
the release of residual stresses [32,94]. However, the increase in the 
resistance respect CTRL specimens is more difficult to rationalize, and 
may be explained by the changes in nano-topography of the surface. The 
size of the protrusions originated on the valleys in 10L samples (see 
Fig. 5b) are below the average grain size (300 nm). This may have the 
same effect as reducing the grain size of the first layer of grains, which 
could hinder m-phase nucleation [95]. 
As shown in the image included in Fig. 6b, after the laser treatment 
the surface changed its color into a reddish/brownish one. Many other 
authors have already reported the color change in zirconia after laser 
modification [38,46,51,96], which is generally associated with the for-
mation of color centers [46,96]. As it can be observed on the image, the 
whitish color was recovered after the thermal treatment. 
Fig. 6c plots the residual stresses found in 10L and CTRL specimens. 
The presence of residual stresses due to the thermal effects of the laser 
can influence mechanical properties and LTD [97]. The laser treatment 
Fig. 3. From left to right: 3D reconstruction of the micro-patterned surfaces and roughness profiles. P and D indicate pattern periodicity and depth, respectively.  
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introduced slightly tensile stresses along the pattern and slightly 
compressive ones perpendicularly, as compared to CTRL. Compressive 
stresses can stabilize the t-phase and delay LTD. In this case, the values 
found were relatively low, of similar magnitude to those that can be 
found on mildly polished surfaces [75]. On the other hand, tensile 
stresses can facilitate the degradation process [31]. Their relative impact 
on the LTD behavior of the surface is complex and depends on several 
factors, including stabilizer content, grain size, alumina content, etc. 
However, the tensile stresses obtained lie below the limit recommended 
to avoid LTD (σ < 300 MPa) [98]. 
In the light of the obtained results, a thermal treatment (TT) should 
be carried out after laser patterning. The main benefits are listed below:  
- Although LTD degradation cannot be totally hindered in 3Y-TZP, 
these materials are designed to delay its detrimental effects beyond 
the expected lifespan of the prostheses. An earlier degradation in-
creases the probabilities of a premature mechanical failure. As 
shown, LTD resistance can be worsened after laser patterning, but a 
TT can effectively revert its negative consequences.  
- From the aesthetic point of view, preserving the surface color of the 
prostheses is of particular interest for the final application. One of the 
advantages of using zirconia instead of titanium lies in its whitish 
and more natural appearance. Laser patterning changes the surface 
color, but this process can be reverted after a TT.  
- Residual stresses can affect LTD. In particular, tensile stresses can 
worsen the degradation resistance. A TT can relieve the residual 
stresses introduced by the laser patterning process [31]. 
3.2. Surface functionalization 
In order to improve the biological effects of the surface patterns, 
specimens were biofunctionalized with a dual platform combining a 
well-known cell-adhesive peptide (RGD) and an osteoinductive peptide 
(DWIVA). The presence of the peptides after functionalization was 
determined by different methods. Fig. 7a shows the images obtained by 
fluorescence CLSM of the surfaces after functionalizing with a fluores-
cent version of the platform. All the functionalized samples presented a 
certain degree of fluorescence, with a higher intensity in the laser 
treated specimens as compared to the flat CTRL-P. The peptide was 
detached from these surfaces with NaOH and the fluorescence of the 
supernatant measured and compared to a standard curve relating fluo-
rescence intensity against platform concentration. Fig. 7b plots the ob-
tained peptide concentration on the surface of the samples. Similar to 
Fig. 7a, the presence of the platform was confirmed in the functionalized 
specimens and a higher amount was found in the laser-modified sur-
faces, with 10L presenting the highest content. Finally, the surface 
chemical composition of the functionalized specimens was studied by 
XPS (non-fluorescent platform). Fig. 7c shows the atomic percentage of 
nitrogen (N1s signal) on the surface (as compared to the total content of 
Zr, Y and O), which is directly related to the presence of peptide bonds 
and amino acid side chains of the peptidic backbone. Results were in 
agreement with the trend obtained in the quantification experiment 
(Fig. 7b). All the functionalized samples displayed a clear increase in the 
nitrogen content, which was maximum in the laser-patterned samples. 
These experiments clearly showed that the anchoring molecule used 
in the peptidic platform was effective in attaching the biomolecule to the 
Fig. 4. FESEM micrographs of the studied surfaces of a) CTRL, b) 3L and c) 10L specimens. Black particles in CTRL specimens correspond to Al2O3 inclusions present 
in the Y-TZP feedstock. 
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surface of zirconia. L-DOPA is one of the main components of the ad-
hesive proteins employed by marine mussels to anchor surfaces in 
seawater [99]. It can strongly bind to both organic and inorganic sub-
strates [100] and its properties have been exploited, among other ap-
plications, to coat biomedical surfaces including zirconia [74,101]. The 
higher surface concentration of the platform observed in the laser- 
modified specimens can be explained by the increase in surface area, 
which was due not only to the grooves but also to the nano-topographies 
observed on the bottom of the valleys. In this regard, while the primary 
pattern (i.e. the grooves) increased the surface area in both 3L and 10L 
by a factor close to 1.6 with respect to a flat surface (Wenzel’s roughness 
factor for a rectangular profile), the nanotopography in 10L presented 
more intricate features (see Fig. 4), further increasing surface area as 
compared to 3L. Accordingly, the highest values of peptide attachment 
were found in 10L. The presence of peptides entrapped inside the nano- 
topographies (nano-pores) cannot be discarded and may have also 
increased the values obtained during the peptide quantification. 
3.3. Cell response on the patterned/biofunctionalized surfaces 
3.3.1. Cell-adhesion 
Fig. 8 presents the results obtained in the cell-adhesion assay, eval-
uating cell morphology 6 h after cell seeding. The behavior observed was 
determined by the combined effects of the two modifications studied: 
surface patterns and the biomolecule. 
The effects of laser patterning on cell morphology were studied by 
comparing CTRL, 3L and 10L. As shown in Fig. 8a, cells cultured on the 
patterned surfaces underwent a drastic shape change. Cell body 
stretched along the grooves and thinned in the perpendicular direction, 
displaying a large increase in aspect ratio (Fig. 8e), as compared to the 
round-shaped cells growing in CTRL. Apart from the morphological 
changes, the most evident effect of laser patterns was the alignment of 
cells along the grooves, with more than 90% of the cells aligned at ±15◦
of the pattern direction in both 3L and 10L (Fig. 8f). Regarding cell 
number, no significant differences were found (Fig. 8b). In summary, 
topography greatly affected cell morphology due to a significant contact 
guidance. FESEM micrographs of both 3L and 10L are shown in Fig. 9c to 
f. The alignment effect is obvious on the images. A cell body extension 
growing on a ridge can be observed in Fig. 9e. Cells could also establish 
contact with the nano-topography, as evidenced in Fig. 9f, where filo-
podia extending from the cell body (right part of the image) anchored to 
the lateral side of a valley (left part of the image). 
On the other hand, the effects of the biomolecule were also studied, 
as well as its combination with surface patterns. In the case of flat 
specimens, CTRL-P displayed important differences with respect to its 
non-functionalized equivalent, CTRL. When free of the biochemical 
stimuli of the peptides, CTRL specimens displayed relatively small, star- 
shape cell bodies, with evident cell projections (see magnification 
attached to Fig. 8a CTRL and Fig. 9a). On such surfaces, non-specific 
cell-material interactions were expected, with an establishment of 
weak bonds based on electrostatic interactions, hydrogen bonding, etc. 
Under such conditions, a poorly developed cell cytoskeleton and a 
reduced cell area were observed. In contrast, biofunctionalized surfaces 
displayed a two-fold increase in surface area (Fig. 8d), with polygonal 
cell bodies displaying well-developed bundles of actin filaments (see 
magnification attached to Fig. 8a CTRL-P and Fig. 9b). In the latter 
condition, due to the cell-adhesion properties of the biomolecule 
employed, a higher number of cells attached to the surface (Fig. 8b). 
This improvement in the number of cells on the functionalized speci-
mens is in well agreement with the literature [56,64,70] and was 
corroborated by an adhesion assay with Alamar Blue. Following an in-
cubation time of 24 h after cell seeding, the functionalized specimen 
presented a higher number of adhered cells, as shown in Fig. 8c. 
In contrast to flat specimens, the combination of the peptidic 
Fig. 5. Surface features of 10L specimens. a) General micrograph view of 10L surface, b) magnification of the valley nano-topography with the presence of nano- 
pores and nano-cracks, c) STEM micrograph of the valley subsurface, d) magnification of the top of the grooves where no signs of surface modification are observed 
and e) STEM micrograph of the subsurface in the top of the grooves. 
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Fig. 6. Results of the XRD experiments. a) XRD 
spectra of the studied specimens. Just minor changes 
were observed with small traces of m-phase in the 
laser treated specimens. In the magnification below, 
x/y axis relation has been modified to clearly show 
the presence of m-phase traces. b) Degradation ki-
netics in water steam. The increase in m-phase con-
tent is plotted against degradation time. A picture 
depicting the recovery of the white color of 10L after 
thermal treatment is included. c) Residual surface 
stresses in 10L and CTRL specimens measured by 
XRD. In 10L, 0◦ correspond to a direction parallel to 
the grooves. Positive and negative values correspond 
to tensile and compressive stresses respectively.   
Fig. 7. Characterization of the presence of peptides on the surfaces. a) Fluorescence CLSM of the specimens functionalized with the fluorescently-labeled peptidic 
platforms. b) Results of the peptide quantification by detachment of the fluorescently-labeled peptidic platforms. c) Atomic percentage of nitrogen (N1s signal) on the 
surfaces (non-fluorescent platform was used). 
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platform with the laser-patterned surfaces did not display such drastic 
differences. Cell morphology of non-functionalized 3L and 10L speci-
mens did not differ significantly from that exhibited by the functional-
ized versions 3L-P and 10L-P, in both cases presenting an elongated 
spindle-shape. In this case, the effect of the topography prevailed 
markedly over the biochemical cues. As expected, although standard 
deviation was high, the main trend showed higher cell number in all 
functionalized specimens as compared to their non-functionalized 
equivalents (Fig. 8b and c). As in CTRL specimens, but to a lower 
extent, the effect of RGD resulted in a higher cell area (Fig. 8d). In this 
case, a lower degree of thinning perpendicularly to the grooves was 
observed, as compared to 3L and 10L. This translated into a lower aspect 
ratio, which still was much higher respect to CTRL and CTRL-P (Fig. 8e). 
In terms of cell alignment, the peptidic platform did not introduce sig-
nificant changes, displaying both 3L-P and 10L-P an alignment degree 
around 90% (Fig. 8f). 
Overall, laser pattering mainly affected cell-shape and alignment, 
without significant changes in cell number. Once the surfaces were 
biofunctionalized, large changes were observed in flat CTRL specimens, 
mainly in terms of a higher cell body area and a well-developed cell 
cytoskeleton. In laser-patterned surfaces such changes were reduced. No 
differences in cytoskeleton organization or alignment were observed 
Fig. 8. hMSCs adhesion results after 6 h in serum free medium. a) Representative images of the studied specimens under fluorescence CLSM. Actin filaments were 
stained with TRITC-conjugated phalloidin (red), and cell nuclei with DAPI (blue). b) Cellular adhesion (cells/cm2), c) cellular adhesion by the AlamarBlue assay 24 h 
after cell seeding (cells/cm2), d) cell area (μm2), e) cell aspect ratio and f) cell alignment (%). Cell alignment was defined as the percentage of cells aligned along a 
direction ±15◦ respect to the pattern direction. Red bars correspond to the non-functionalized specimens while blue bars represent specimens functionalized with the 
peptidic platform. * indicates statistical differences between functionalized and non-functionalized specimens with the same topography (e.g. 10L vs. 10L-P). # 
indicates statistical differences between 10L or 3L with respect to CTRL, analyzing only the effect of topography, without functionalization (p < 0.05). (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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after functionalization, and lower changes in cell area were detected as 
compared to the case CTRL vs. CTRL-P. The presence of RGD-DWIVA 
increased cell number in all specimens, although the obtained values 
were not statistically significant in some cases due to a high variability. 
3.3.2. Cell migration 
Fig. 10 clearly shows that topographical cues have a strong influence 
on cellular migration. As observed in the plot from Fig. 10c as well as on 
the images displayed in Fig. 10b, cells migrated isotropically on the 
CTRL specimens. In contrast, both laser patterned specimens showed 
high anisotropy, with a significantly enhanced migration along the 
grooves, but hampering considerably the displacement across the 
grooves. While the movement parallel to the grooves was more than 
doubled in 3L and 10L respect to CTRL, in the perpendicular direction 
displacement was less than half the distance observed in CTRL. In 
addition, the peptidic platform did not show any significant influence on 
the migration behavior. The lack of visible differences in the function-
alized specimens may be related to the presence of FBS in the medium, 
which could have masked the effects of the peptide. The trends observed 
here have also been reported by other authors [48,102], with grooves 
facilitating migration along its direction, but hindering it 
perpendicularly. 
The mechanism by which grooved substrates can affect cellular 
migration are related to the morphological changes after attachment on 
such topographies. As shown in Fig. 8 and Fig. 9, cells tended to align 
when grown on grooved surfaces [103,104]. The reasons for such 
alignment can vary depending on the size of the grooves, changing from 
a more geometrical guidance in grooves larger or equal to the cell size, to 
a more fundamental way when topographical cues are in the nano-scale 
and can interact with cell membrane receptors. In particular, Fujita et al. 
[105] proposed a mechanism by which fragmented focal adhesions in 
the perpendicular direction led to cell protrusion retraction, while long 
focal adhesion along the grooves favored more stable cellular pro-
trusions; thus, favoring cell elongation along the pattern. The conse-
quences of this asymmetric morphology can affect cell migration. In fact, 
directed cell migration is based on an asymmetric cell situation, with a 
leading and a trailing edge [106]. This process consists of the formation 
of stable protrusions on the leading edge of the cell and its restriction on 
the laterals, which can be governed by the grooved topography. Thanks 
to the actin-rich leading protrusions and the detachment of the trailing 
edge, cells can successfully migrate. 
In vivo application of such effects in the dental field has been also 
proposed. For instance, it has been shown that laser-ablated micro- 
grooves in the implant collar can affect epithelial, fibroblastic and 
osteoblastic migratory patterns, influencing the orientation of the con-
nective tissue fibers with respect to the implant surface [107]. The 
correct orientation of such fibers hinders the apical migration of the 
junctional epithelium, avoiding crestal bone loss. Laser patterned 
implant collars can limit the epithelial downgrowth, improve soft and 
bone tissue attachment, and influence bone remodeling so that 
improved bone quality is found adjacent to the implant [16]. Micro- 
grooved surfaces not only present the ability of guiding soft tissues but 
can also guide bone growth. It has been observed that on these surfaces 
bone is guided parallel to the grooves. When a chamber with multiple 
channels was placed on canine femurs, micro-grooved titanium surfaces 
promoted the highest levels of bone ingrowth into the channels as 
Fig. 9. FESEM micrographs of the specimens employed in the cell adhesion assay. a) CTRL; b) CTRL-P; c) and d) 3L; e) and f) 10L.  
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compared to other surfaces. In this case, the authors of the study 
concluded that micro-grooves could result in a clinically valuable 
implant design, favoring rapid bone ingrowth and a strong bone-to- 
implant interface [108]. These results are in agreement with the in 
vitro migration experiments detailed in the present work, where a 
significantly enhanced migration was observed along the grooved 
patterns. 
3.3.3. Osteogenic potential 
Topography can effectively influence stem cell fate [11,21]. In 
particular, certain grooved substrates have been found to promote 
osteogenic differentiation [23,36,49]. This effect may be related to the 
changes in cell shape and cytoskeletal tension, which are known to 
regulate stem cell lineage commitment [109]. Moreover, bio-
functionalization with bone growth factor derived peptides can enhance 
the osteodifferentiation of stem cells. Among the different BMP-2 
derived peptides that have been found to present osteogenic proper-
ties, the DWIVA sequence is of particular interest due to its activity and 
small size [69,110–113]. It is derived from a fragment of the human 
BMP-2 that corresponds to overlapping sequences in BMPR-I and BMPR- 
II binding sites, and has shown enhanced in vivo bone growth around 
functionalized titanium implants and mineral granules, as well as 
increased in vitro osteogenesis in osteoblast-like MC3T3 cells and dif-
ferentiation in hMSCs [69,110,111]. In addition, we recently reported 
that the DWIVA peptide can act synergistically with the RGD sequence 
in inducing integrin-BMPR crosstalk and mediating BMP-signaling [70]. 
Indeed, we demonstrated that the combination of RGD and DWIVA in a 
geometrically controlled manner within a peptidic platform (Fig. 2) 
promoted a larger increase in cell adhesion and osteogenic signaling as 
compared to the presence of RGD or DWIVA alone. Thus, the effects 
observed in the present study both in terms of cell adhesion and osteo-
genesis cannot be attributed to either one of the two peptides alone, but 
rather to the synergistic combination of both. 
Gene expression was investigated at the early stages of osteogenic 
differentiation. For this purpose, the expression of early osteogenic 
markers was analyzed, including RUNX2, ALP, OSX and COL-1. Fig. 11a 
to d show the hMSCs expression levels of these genes after 7 days of 
culture. In this regard, the effect of topography was uneven. While 3L 
Fig. 10. Results of the cell migration experiments. a) 
Scheme of the experimental procedure: 1- a cell sus-
pension was seeded in a cell-culture insert; 2- after 
24 h a confluent layer had grown and the insert was 
removed; 3- after an additional 72 h cells migrated 
across the surface. b) Optical micrographs of the to-
luidine blue stained cells after migrating during 72 h. 
CTRL T0 indicates the reference specimen obtained 
just after removing the insert. c) Migration length 
(mm) for the studied specimens in two directions: 
parallel and perpendicular to the grooves. In CTRL 
specimens (without grooves) two orthogonal di-
rections were chosen arbitrarily. * indicates statistical 
differences between the migration length in the par-
allel and the perpendicular direction for a particular 
specimen. (For interpretation of the references to 
color in this figure legend, the reader is referred to 
the web version of this article.)   
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presented similar expression levels to CTRL specimens, 10L displayed a 
significant 1.5-fold upregulation of both RUNX2 and ALP. In contrast, 
the effect of the peptidic platform was relatively uniform in all the 
surfaces, with three of the studied genes upregulated: ALP (2.5-fold), 
COL-1 (1.5-fold) and OSX (1.5-fold), regardless of the studied topog-
raphy. ALP activity was also measured after 14 days of culture 
(Fig. 11e). Small differences were observed except for 10L-P, which 
presented the highest level of activity. Differences between ALP at gene 
and protein level may be attributed to the time delay between the gene 
expression and the protein activity characterization, 7 and 14 days after 
cell seeding, respectively. Such differences suggest an early stimulation 
of hMSCs by the RGD/DWIVA peptides. 
In summary, although the studied topographies (i.e. 10L) possessed a 
certain degree of osteogenic properties, the largest effects were observed 
from the RGD-DWIVA platform, which enhanced the differentiation 
potential of all the surfaces. 
On the basis of the obtained results, the two modifications studied 
can be successfully combined. On the one hand the micro-patterns were 
responsible for a significant contact guidance, leading to an enhanced 
cell migration along the grooves, but a limited movement across the 
pattern. The clinical relevance of the directed movement of cells on a 
surface lies mainly on the control over tissue growth. At the gum level, 
grooves can hinder the apical downgrowth of the junctional epithelium, 
while at the bone level they can direct bone growth, promoting a faster 
ingrowth along the implant thread. On the other hand, the peptide- 
based platform favored the adhesion of a larger cell number as well as 
their spreading, facilitating the development of the cell cytoskeleton, 
which mediates mechanotransduction. A proper cell-to-implant adhe-
sion is crucial for the differentiation of osteoblasts, although it is not the 
only requirement. In this regard, it was confirmed that the peptidic 
platform could successfully deliver osteogenic cues, stimulating cell 
differentiation. In conclusion, the dual strategy presented can act both at 
controlling the tissue growth around the implant and facilitating the 
bone formation at the surface. 
Fig. 11. Influence of topography and the peptidic 
platform on hMSCs. Expression levels of different 
genes related to osteoblastic differentiation are pre-
sented as follows: a) RUNX2, b) ALP, c) COL-1 and d) 
OSX. Results were normalized respect to the expres-
sion level of the housekeeping gene GAPDH and are 
represented as relative fold change to CTRL. e) ALP 
activity after 14 days of culture. In graphs a) to d) * 
indicates a statistically significant overexpression 
with respect to non-functionalized CTRL (p < 0.05). 
In e) * indicates an enhanced ALP activity with 
respect to non-functionalized CTRL (p < 0.05).   
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4. Conclusions 
In order to improve the tissue integration potential of zirconia sur-
faces, this work explored the combination of topographical and 
biochemical modifications. USP-DLIP was successful at producing 
defined micro-patterns on the surface of zirconia at a low cost in terms of 
surface damage. In particular, if a post-laser thermal treatment is 
applied, the main detrimental consequences of the patterning process 
can be reverted. The patterns were combined with a dual RGD/DWIVA 
peptidic platform. Thanks to the L-DOPA anchoring molecule, the 
peptide-based platform successfully attached to the surface of zirconia in 
a single step process, avoiding the use of toxic solvents. 
The effects derived from the two surface modifications could be 
combined. Notably, the presence of the peptidic platform did not mask 
the effects derived from surface topography. While the grooves were 
mainly associated with contact guidance (cell alignment, elongation and 
migration) the peptidic platform improved cell adhesion (cell number 
and spreading) and introduced osteogenic potential to the surface. 
The combination of surface topographical features obtained by laser 
micro-patterning and biofunctionalization with organic molecules pro-
vides a flexible tool to improve 3Y-TZP surfaces. Future works must be 
addressed to find the most suitable combinations at the different implant 
levels (e.g. gum and bone), exploring different surface topographies and 
using alternative peptides with additional properties (e.g. antibacterial). 
In addition, an investigation of the anchoring stability provided by the L- 
DOPA residues in a clinically relevant scenario is needed. 
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Grinding/polishing	 procedures	 not	 only	 affect	 surface	 roughness,	 but	 also	
microstructure	and	phase	composition	of	3Y-TZP.	The	stresses	generated	by	the	
abrading	 particles	 trigger	 the	m-phase	 transformation.	 In	 turn,	 the	 expansive	
nature	 of	 this	 phase	 transformation	 generates	 a	 residual	 compressive	 surface	
layer.	In	the	light	of	the	results	obtained,	surface	roughness,	monoclinic	volume	
fraction	 (Vm)	 and	 the	 value	 of	 residual	 stresses	 can	 be	mathematically	 related.	
This	observation	is	not	trivial.	 If	 the	manufacturing	conditions	of	zirconia	parts	
are	controlled,	the	residual	stress	state	and	m-phase	content	of	the	ground	parts	
can	 be	 deduced	 by	 using	 a	 simple	 profilometer.	 This	 procedure	 is	 relatively	
cheap,	 simple,	 readily	available	and	 fast,	 and	avoids	 the	use	of	more	expensive	
and	complex	equipment,	such	as	X-ray	diffractometers	or	Raman	spectrometers.		
	
On	 the	other	hand,	 severe	microstructural	 changes	are	 found	on	 the	surface	of	
ground	 and	 polished	 specimens.	 The	 main	 changes	 are	 due	 to	 surface	 grain	
recrystallization.	Although	it	is	a	phenomenon	that	has	been	previously	reported	
in	 this	material,	 the	work	 conducted	along	 this	Ph.D.	Thesis	demonstrates	 that	
recrystallization	 takes	 place	 in	 a	wide	 range	 of	 grinding/polishing	 procedures,	
and	not	only	on	coarsely	ground	surfaces.	Even	after	relatively	mild	procedures,	
surface	 recrystallization	 can	 be	 observed.	 In	 this	 regard,	 the	 transition	 from	
bulk-like	 to	 recrystallized	 surfaces	 was	 identified	 in	 polished	 surfaces	 with	 a	
roughness	 as	 low	 as	 Sa	 =	 16	 ±	 1	 nm,	 in	 which	 partial	 recrystallization	 was	
observed.	 The	 consequences	 of	 these	 findings	 are	 very	 important.	 LTD	
experiments	 showed	 that	 mildly	 polished	 surfaces	 can	 present	 excellent	





regard,	 even	 the	 specimens	 polished	 to	 a	 Sa	 =	 16	 nm	 displayed	 a	 significant	
degree	of	protection	respect	to	mirror-like	polished	specimens	(Sa	=	5	nm).	After	
20	 hours	 in	 water	 steam	 (equivalent	 to	 60	 years	 in	 vivo)	 they	 presented	 a	
monoclinic	content	of	Vm	<	10	%,	while	mirror-like	polished	surfaces	presented	





worsening	 of	 properties	 to	 surface	 damage,	 no	 evidences	 were	 given	 on	 this	
relation.	 In	 the	 present	 Ph.D.	 Thesis,	 a	 clear	 relation	 is	 found	 between	






the	 performance	 of	 3Y-TZP	 final	 parts.	 Recent	 history	 of	 zirconia	 has	 sadly	
evidenced	this	fact.	
	





DLIP	 technique	 can	 be	 employed	 to	 micro-pattern	 ceramic	 materials	 in	 the	
femtosecond	 pulse	 regime,	 such	 as	 3Y-TZP.	 Although	 one	 recent	 work	 has	
employed	 this	 technique	 and	 this	 time	 regime	 successfully	 (with	 a	 five-fold	
longer	pulse	duration),	 it	 is	 the	 first	 time	that	such	a	good	pattern	definition	 is	
achieved,	 and	 that	 grooves	with	 a	 periodicity	 as	 low	 as	 3	 μm	 are	 ablated.	 The	
results	 obtained	 in	 this	 Ph.D.	 thesis	 also	 highlight	 the	 potential	 industrial	
application	 of	 this	 technique,	which	 allows	 creating	 homogeneous	 and	 defined	
Main	conclusions	and	relevance	of	the	findings	
	 129	




regime	 have	 been	 recently	 studied.	 However,	 no	 clues	 on	 the	 effects	 in	 the	
femtosecond	 regime	 existed	 until	 now.	 In	 contrast	 to	 the	 nanosecond	 time	
regime,	where	extensive	melting	of	the	surface	is	produced,	the	material	removal	
mechanism	 in	 the	 femtosecond	 regime	 is	 mainly	 governed	 by	 ablation.	 While	
material	in	the	top	of	the	peaks	remains	unaltered,	material	on	the	bottom	of	the	








Femtosecond	 regime	 DLIP	 shows	 a	 clear	 potential	 to	 be	 employed	 in	 creating	







cell	 attachment,	 although	 when	 the	 grooves	 were	 parallel,	 contact	 guidance	





to	 efficiently	 guide	 the	 growth	 of	 larger	 cells.	 This	 problem	 can	 be	 solved	 by	
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producing	 the	 grooves	 by	 laser	micro-patterning,	where	 the	 cost	 of	 producing	
deeper	features	is	less	detrimental	in	terms	of	surface	damage.	
	
Laser	 grooved	 surfaces	 can	 guide	 cellular	 growth,	 inducing	 cell	 alignment,	
elongation	and	cell	migration	along	 the	pattern.	 In	 the	perpendicular	direction,	
however,	migration	 is	 limited.	 This	 effect	 has	 been	 already	used	 in	vivo	 in	 dog	
models	 where	 micro-textured	 collars	 showed	 reduced	 epithelial	 downgrowth	
and	greater	bone	attachment.	
	
Regarding	 the	 peptidic	 platform	 employed,	 the	 L-DOPA-based	 anchoring	
molecule	 can	 successfully	 attach	 to	 3Y-TZP.	 The	 effects	 from	 the	 dual	 RGD-
DWIVA	 platform	 are	 kept	 once	 the	 molecule	 attaches	 to	 the	 surface.	
Functionalized	 surfaces	 present	 more	 cells,	 better	 spread	 and	 with	 well-
developed	cytoskeletons.	The	molecule	 introduces	osteogenic	properties	 to	 the	
surfaces	 by	 upregulating	 several	 osteogenesis-related	 genes.	 Importantly,	 the	
effects	derived	from	the	topography	are	not	masked	by	the	biomolecule,	and	are	
also	 kept	 in	 functionalized	 specimens.	 Thus,	 by	 combining	 the	 laser	 micro-
patterns	 and	 the	 peptidic	 platform	 cell	 growth	 can	 be	 guided,	 and	 improved	
adhesion	and	osteogenic	cues	are	provided.	
	
The	 combination	of	 surface	 topography	and	biofunctionalization	 carried	out	 in	
this	Ph.D.	Thesis	show	that	 the	effects	 from	both	strategies	are	compatible	and	
can	 be	 combined	 to	 tailor	 the	 surface	 properties.	 Of	 note,	 such	 dual	 approach	
was	never	 investigated	before	on	3Y-TZP.	 	By	studying	other	 topographies	and	
employing	 other	 peptides,	 more	 properties	 can	 be	 introduced	 to	 3Y-TZP	
surfaces,	 depending	 on	 the	 specific	 application.	 This	 dual	 functionalization	 can	
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Regarding	 grinding/polishing,	 four	 different	 treatments	 of	 increasing	 severity	
were	 used	 (1	 to	 4),	 and	 two	 different	 directionalities	 were	 explored:	
multidirectional	 (M)	 and	 unidirectional	 (U)	 grooves.	 Results	 can	 be	 found	 in	
Papers	 I	 and	 II.	 It	 was	 concluded	 that	 grades	 2-M/U	 and	 3-M/U	 could	 totally	
protect	 the	 surface	 from	 LTD.	 In	 addition,	 just	 cells	 growing	 on	 3-U	 and	 4-U	
displayed	 contact	 guidance.	 Thus,	 3-M/U	 were	 selected	 among	 the	
grinding/polishing	 samples	 as	 the	 ones	 with	 better	 properties	 as	 could	 both	
protect	 the	 surface	 from	 LTD	 and	 promote	 contact	 guidance	 in	 the	U	 grooved	
specimens.	
	
Regarding	 laser	micro-patterning,	 two	 different	 periodicities	 were	 explored:	 3	
μm	(3L)	and	10	μm	(10L).	Results	can	be	found	in	the	first	part	of	Paper	III.	Both	
periodicities	 displayed	 just	 traces	 of	m-phase	 after	 laser	 treatment.	 Very	 low	
amounts	 of	 surface	 damage	 were	 detected	 and	 the	 LTD	 behavior	 was	 not	
decreased	 as	 compared	 to	 the	 mirror-like	 polished	 (also	 known	 as	 control,	
CTRL)	 specimens,	 if	 a	 post-thermal	 treatment	 was	 applied.	 Both	 surfaces	
presented	 contact	 guidance.	 Thus,	 the	 two	 periodicities	 were	 kept	 as	
representative	for	the	laser	micro-patterning	treatment.	
	
In	 order	 to	 choose	 between	 grinding/polishing	 and	 laser-treated	 samples	 for	
further	 surface	 functionalization,	 a	 cell-adhesion	 experiment	 was	 carried	 out.	
This	 experiment	 was	 employed	 as	 the	 cell-adhesive	 properties	 and	 cell	
morphology	can	give	a	clue	on	the	degree	and	type	of	cell-material	 interaction.	




























3L	 Laser-patterned	 specimen	 with	 a	 linear	 pattern	 of	 3	 μm	
periodicity	























CO2	 containing	 atmosphere.	 After	 6	 hours,	 medium	 was	 aspired	 and	 non-
adherent	 cells	 were	 removed	 by	 carefully	 washing	 with	 PBS.	 Cells	 were	 fixed	




incubating	 with	 TRITC-conjugated	 phalloidin	 (1:300,	 in	 permeabilizing	 buffer)	
for	 1	 h	 and	 nuclei	 were	 stained	 using	 4′,6-diamidino-2-phenylindole	 (DAPI)	
(1:1000,	 in	PBS-glycine	20	mM)	 for	2	min,	both	 in	 the	dark.	Between	all	 steps,	
samples	were	 rinsed	 three	 times	with	 PBS-glycine	 for	 5	min.	 Specimens	were	
mounted	in	Mowiol	4-88,	examined	under	a	fluorescence	CLSM	(Carl	Zeiss	LSM	
800)	 and	 images	 were	 processed	 using	 Fiji/Image-J	 package	 to	 calculate	 cell-
shape	parameters.		
	
Values	 in	 graphs	 are	 displayed	 as	 mean	 ±	 standard	 deviation.	 Statistical	
differences	 were	 assessed	 by	 ANOVA	 using	 Tukey’s	 test	 for	 pair-wise	
comparisons	 (p	<	0.05).	Differences	were	 further	analyzed	and	confirmed	with	

























As	 it	can	be	observed	 in	Figures	A.1	and	 A.2,	ground	specimens	behaved	very	
similarly	 to	 CTRL	 specimens,	 both	 functionalized	 and	 non-functionalized.	 Cell	
morphology	 was	 similar,	 and	 the	 changes	 after	 functionalization,	 such	 as	 the	
increase	 in	 cell	 area,	 followed	 the	 same	 trend.	 This	 can	 be	 observed	 by	
comparing	 Figures	 A.1a,	 c	 and	 e	 (CTRL,	 3-M	 and	 3-U,	 respectively)	 that	 are	
practically	identical.	After	functionalization	with	the	biomolecule,	cells	increased	
their	 area	 and	 changed	 their	 shape,	 but	 still	 looked	 similar	 when	 comparing	
ground	and	CTRL	specimens	in	Figures	A.1b,	d	and	f	(CTRL-P,	3-M-P	and	3-U-P,	




Paper	 II	 showed	 a	 clear	 cell	 alignment	 and	 elongation	 after	 culturing	 human	
sarcoma	 osteogenic	 (SaOS-2)	 cells	 in	 unidirectionally	 grooved	 3-U	 specimens.	
The	 lack	 of	 significant	 morphological	 changes	 in	 this	 experiment,	 even	 after	
functionalization,	can	be	related	to	the	different	cell	size.	MSCs	are	much	larger	
than	SaOS-2,	and	while	SaOS-2	can	be	well	guided	by	this	topography;	the	size	of	
the	 topographical	 features	 (average	roughness,	peak-to-valley	height,	 etc.)	may	
not	be	enough	to	affect	MSCs	to	the	same	degree.	
	
However,	 cells	 grown	 on	 laser	 micro-patterned	 surfaces	 were	 significantly	
affected	by	the	topography	(Figures	A.1	g,	h,	i	and	j),	displaying	a	very	evident	
cell	 elongation	 and	 alignment	 in	 both	 functionalized	 and	 non-functionalized	
surfaces	 (Figures	 A.2c	 and	 d).	 Yet,	 just	 in	 terms	 of	 cell	 adhesion,	 the	 peptide	
seemed	to	have	a	stronger	effect	on	CTRL	and	ground	specimens	as	compared	to	








Figure	 A.1	 Human	 MSCs	 adhesion	 results	 after	 6h	 in	 serum	 free	 medium.	










alignment	was	 defined	 as	 the	 percentage	 of	 cells	 aligned	 along	 a	 direction	 ±15°	
respect	 to	 the	 pattern	 direction.	 Red	 bars	 correspond	 to	 the	 non-functionalized	
specimens	 while	 blue	 bars	 represent	 specimens	 functionalized	 with	 the	 peptidic	
platform.	 *	 indicates	 statistical	 differences	 between	 functionalized	 and	 non-














One	 of	 the	main	 goals	 of	 this	 Ph.D.	 Thesis	 is	 to	 combine	 the	 effects	 of	 surface	
topography	 and	 a	 biomolecule	 to	 improve	 the	 tissue	 integration	 properties	 of	
3Y-TZP	 implant	 surfaces.	 However,	 the	 effect	 of	 topography	was	 shown	 to	 be	
highly	 reduced	 in	 the	 ground	 surfaces	 tested	 (3-M	 and	 3-U)	 when	 employing	
large	cells	such	as	MSCs.	For	 this	 reason,	 the	 laser	micro-patterned	 samples	
were	the	ones	selected	for	further	functionalization	with	a	peptidic	molecule,	in	
Paper	III.	
	
From	the	material	point	of	view,	 laser	patterning	allows	creating	homogeneous	
and	well-defined	patterns	with	different	periodicities	and	depths,	with	a	limited	
surface	damage.	 In	 the	case	of	grinding/polishing,	however,	producing	rougher	
surfaces	with	higher	pattern	depths	is	always	associated	with	increased	surface	
damage.
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
